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REMARKS

Claims 1, 9-12, 14-15, 28, and 47-48 constitute the pending claims in the present

application. Applicants respectfully request reconsideration in view of the following

remarks. Issues raised by the Examiner will be addressed below in the order they appear

in the prior Office Action.

The Claims Comply with 35 U.S.C. SI 12

A. Written Description

Claims 1, 9-15, 28, and 43-48 are rejected under 35 U.S.C. §112, first paragraph,

as allegedly containing subject matter which was not described in the specification in

such a way as to reasonably convey to one skilled in the relevant art that the inventors, at

the time the application was filed, had possession of the claimed invention. Applicants

respectfully traverse this rejection.

In particular, the Examiner states that neither the support cited in the previous

submission nor the specification support a "methodfor attenuating expression ofa target

gene in mammalian cells comprising introducing into mammalian cells suspended in

culture an expression vector encoding a hairpin RNA" having the limitations relating to

expression from a vector, length, or avoidance of protein kinase activation as cited in the

claims. Applicants respectfully submit that the specification is replete with teachings that

support the currently pending claims. In addition to the support cited in the previous

submission, the Examiner's attention is directed to the following passages as exemplary

support: page 2, lines 20-24, page 3, lines 21-36, page 5, lines 18-22, page 13, lines 16-

27, and page 14, lines 7-10. Additionally, Applicants respectfully wish to point out that

the teachings of the application must be evaluated as a whole and that individual sections

cannot be read in isolation.

As discussed below, as well as in the attached Declaration of Frank McKeon

(herein the McKeon Declaration) , various terms in the application have been defined and

these definitions are applicable throughout the application whenever these terms are used.

For instance, the application uses the terms "hairpin RNA" and "single self-

complementary RNA", which as the McKeon Declaration avers, would be understood by

a molecular biologist to be interchangeable terms referring to hairpin RNAs. Applicants

respectfully contend that one of ordinary skill in the art would recognize that the instant

application includes hairpin RNA species within the scope of the general term "double
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stranded RNA" ( or "dsRNA"). This point is also made by the McKeon Declaration . To

illustrate, referring to the published application, paragraph No. 0037 states "[t]he dsRNA

construct may comprise one or more strands of polymerized ribonucleotide". That

paragraph goes on to state that "[t]he double-stranded structure may be formed by a

single self-complementary RNA strand or two complementary RNA strands". Likewise,

paragraph No. 0135 provides that the "[t]he double-stranded structure may be formed by

a single self-complementary RNA strand or two complementary RNA strands".

The instant application also clearly contemplates the use of expression systems

that are intended to produce hairpin RNAs upon being transcribed in cells. As the

McKeon Declaration points out, exemplary teachings of these embodiments include, to

illustrate, paragraph No. 0019 which states "[y]et another aspect of the present invention

provides a method for attenuating expression of a target gene in cultured cells,

comprising introducing an expression vector having a "coding sequence" which, when

transcribed, produces double stranded RNA (dsRNA) the cell in an amount sufficient to

attenuate expression of the target gene, wherein the dsRNA comprises a nucleotide

sequence that hybridizes under stringent conditions to a nucleotide sequence of the target

gene". Other examples of support include the statement at paragraph No. 0120 that "[t]he

dsRNA construct may be synthesized either in vivo or in vitro... For generating double

stranded transcripts from a transgene in vivo, a regulatory region may be used to

transcribe the RNA strand (or strands)". Likewise, paragraph No. 0138 states "[t]he

dsRNA construct may be synthesized either in vivo or in vitro....For transcription from a

transgene in vivo or an expression construct, a regulatory region (e.g., promoter,

enhancer, silencer, splice donor and acceptor, polyadenylation) may be used to transcribe

the dsRNA strand (or strands)"; and paragraph No. 0139 states "[a] viral construct

packaged into a viral particle would accomplish both efficient introduction of an

expression construct into the cell and transcription of dsRNA construct encoded by the

expression construct". Paragraph 0120 also states that "Endogenous RNA polymerase of

the cell may mediate transcription in vivo, or cloned RNA polymerase can be used for

transcription in vivo or in vitro".

In view of the definition of double-stranded RNA, i.e., that it includes hairpin

RNAs, a molecular biologist would conclude, as asserted in the McKeon Declaration.

from these and other teachings provided by the Hammond Application that the inventors

had intended to convey their invention to include the use of expression constructs to

produce, by transcription, hairpin RNA in cells. Moreover, working examples of these

embodiments are explicitly described in the Figures and Exemplification, such as Figure
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27 and Example 3 (titled "A simplified Method for the Creation of Hairpin Constructs for

RNA Interference").

The present application explicitly supports gene silencing in mammalian cells

using the transcribed hairpin RNAs. For example, the Hammond Application provides

that the disclosed methods for gene silencing are broadly applicable to a variety of cell

types including mammalian cells such as primate and human cells. Additionally, the

Hammond Application teaches various expression vectors, several of which are suitable

for use in mammalian cells, for generating dsRNA species in cells.

Furthermore, the instant application provides the necessary understanding of the

mechanism by which RNA interference ("RNAi") works so that, in view of it's teachings

and the state-of-the-art in RNA interference, one skilled in the art would appreciate that

hairpin RNAs could be used to induce gene silencing in mammalian cells. As detailed in

the McKeon Declaration , the present application provides the essential features of RNA
interference such that, for the first time, one of ordinary skill in the art would appreciate

that it was a generalized phenomenon and that it was conserved between mammalian and

drosophila cells and could be used in cells in culture.

As discussed in the McKeon Declaration , at the time of the earliest priority date

of the present application, i.e., March 2000, procedures based on double stranded RNA-

triggered silencing were fairly well-established tools for functional genomics of lower

intact (whole) organisms, such as plants, invertebrates and fungi. There were also

indications in the literature that double-stranded RNA had some ability to induce gene

silencing in mammals. For instance, the Wianny et al. reference, [(2000) Nature Cell

Biol 2:70] showed that double-stranded RNA, in this case in the form of a two stranded

duplex, could effect gene function in early mouse embryos.

As recognized and discussed by the McKeon Declaration , the biochemical and

genetic data provided by the teachings of the present application provided an adequate

understanding of the mechanisms underlying RNA interference in both invertebrates and

vertebrates such that one skilled in the art would have readily believed that hairpin RNAs

could be used for inducing gene silencing in mammalian cells. In particular, the present

application identifies the existence of conserved machinery for double stranded RNA-

induced gene silencing between drosophila to mammals. The application also defines the

RNA interference pathway as proceeding via a two-step mechanism, and showed that the

fundamental enzymes involved in that processes, namely the RNase III nuclease called
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Dicer and the key protein in the RISC complex Argonaute, were conserved between

drosophila and mammals, and therefore provides the necessary guidance for one skilled

in the art to appreciate that the components of the RNA interference pathway are

conserved between drosophila and mammals. Further, Example 2 of the application

makes several significant points. First is that the dicer enzyme was the nuclease

responsible for the processing of double-stranded RNA to form guide sequences of about

22 nucleotides. Second is that the human dicer homolog was also capable of generating

guide sequences of about 22 nucleotides. See also Figure 23.

The McKeon Declaration states that the totality of these teachings, and the state-

of-the-art, led him to conclude from the application as filed that the inventors had

possession of the invention of the use of hairpin RNA to induce gene silencing in

mammalian cells. To summarize, the basis of Dr. McKeon's belief includes, inter alia,

teachings from the instant application of:

• the elucidation of role of a nuclease activity, dicer, that cleaves regions of

double-stranded RNA;

• the conservation of dicer between drosophila and mammals;

• the conservation of the dicer product, e.g., the ~22-mer products between

drosophila.and mammals; and

• the ability of hairpin RNA to induce gene silencing.

The McKeon Declaration also noted the state-of-the-art in using other double stranded

RNA species, and that one skilled in the art would have concluded from the teachings of

present application that these would also be substrates for dicer. For these reasons, it is

submitted that a molecular biologist reading the present application would clearly

conclude that the inventors had possession of, and had clearly described, the use of

transcribed hairpin RNAs for gene silencing in mammalian cells. That is, the Hammond

Application provides a clear written description of the use of hairpin RNAs for gene

silencing in mammalian cells.

With respect to claim 13 (which has been canceled), Applicants aver that in view

of the above arguments, one of ordinary skill in the art would have reasonably implied

from the specification of the present that the inventors contemplated embodiments in

which the double stranded portion of the hairpin RNA was at least 20 nucleotides in

length. For instance, the specification teaches that the double stranded portion of the

hairpin is a substrate for dicer, and also states that the "dsRNA is at least 20 nucleotides
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in length". However, in order to expedite prosecution of the instant application, claim 13

has been canceled.

It is respectfully submitted that maintenance of the present rejection is not

supported by substantial evidence, and as such, does not meet the "arbitrary, capricious"

standard applied under the "substantial evidence" test of Section 706(2)(E) of the

Administrative Procedure Act. Dickinson v. Zurko, 119 S. Ct. 1816 (1999). Indeed, the

CAFC has stated "deferential review under the [APA] does not relieve the agency of its

obligation to develop an evidentiary basis for its findings. To the contrary, the [APA]

reinforces this obligation." In re Sang Su Lee Case Number 00-1158 (CAFC January 18,

2002). No relevant or other fact finding has been cited or relied upon by the Examiner to

rebut the Applicants' arguments.

B. Enablement

Claims 1, 9-15, 28, and 43-48 are rejected under 35 U.S.C. §112, first paragraph,

as allegedly containing subject matter which was not described in the specification in

such a way as to enable one skilled in the art to which it pertains, or with which it is most

nearly connected, to make and/or use the invention. Applicants respectfully traverse this

rejection.

The Examiner states that "[t]he specification as filed only provides sufficient

guidance and/or instruction for using double stranded RNA within cells, specifically

Drosophila cells, in an in vitro environment, but provides no support anywhere for using

'hairpin RNA' or 'transcribed hairpin RNA' ... in an z« vitro environment or in an in vivo

environment, which also encompass cells in a whole organisms." The Examiner further

states that the specification does not provide sufficient guidance for a method of "gene

therapy" and that there is no evidence that "enough mammalian cells can be transfected

to provide any therapeutic benefits." Applicants respectfully point out the currently

pending claims are directed to methods for attenuating expression of a target gene in

mammalian cells suspended in culture, e.g., isolated from the whole organism and

provided in culture media. Accordingly, the claims do not encompass transfection of

cells in a whole organism or methods of gene therapy.

Applicants note that "[compliance with the enablement requirement of 35 U.S.C.

§112, first paragraph, does not turn on whether an example is disclosed. An example

may be 'working' or 'prophetic.'" Further, "[t]he specification need not contain an
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example if the invention is otherwise disclosed in such a manner that one skilled in the art

will be able to practice it without an undue amount experimentation. In re Borkowski,

442, F.2d 904, 908, 164 USPQ 642,645 (CCPA 1970)." See MPEP 2164.02.

With regard to attenuation of gene expression in mammalian cells suspended in

culture, Applicants submit that the specification provides sufficient guidance for one

skilled in the art to make and/or use the claimed invention without undue

experimentation. In particular, the specification provides working examples of

attenuation of gene expression not only in Drosophila S2 cells but also in mammalian

cells (see, e.g., page 10, line 24 to page 11, line 3 and page 11, lines 26-35). In fact, at

least human, hamster, and mouse cell lines were shown to be effective mammalian cell

targets for gene attenuation purposes (see, e.g., Figures 28-33). Additionally, the

specification teaches a method for creating hairpin constructs for RNA interference and

states that such constructs have been successfully used to provoke gene silencing in

drosophila cells (see e.g., Example 3 at page 43, line 24 to page 44, line 14). The

specification further teaches a variety of expression vectors for use in association with

mammalian cells (see e.g., page 3, line 31 to page 4, line 9 and page 19, lines 4-18).

Given the ample teachings of the specification and the knowledge in the art at the time

the application was filed, one skilled in the art could readily practice gene attenuation in

mammalian cells using transcribed hairpin RNA without undue experimentation.

Additionally, Applicants provide herewith the Declaration of Gregory Harmon

(herein the Harmon Declaration) and certain scientific papers attached thereto as Exhibits

A-D. Exhibits A and B are papers subsequently published by Applicants that disclose

successful gene attenuation in a variety of mammalian cell lines using transcribed hairpin

RNAs. Exhibits C and D describe work by Applicants in which libraries of expression

vectors for production of hairpin RNAs in mammalian cells were successfully produced

and tested. The papers provides evidence that the teachings of the specification broadly

enable gene silencing using transcribed hairpin RNAs in mammalian cells suspended in

culture. Also, the Harmon Declaration sets forth evidence of the ease with which

transcribed hairpin RNAs can be used to attenuate gene expression in a wide variety of

mammalian cell lines using the teachings of the specification.

The McKeon Declaration also provides further support that Applicants' teachings

fully enable one of ordinary skill to make and use transcribed hairpin RNAs for gene

silencing in mammalian cell lines. As Dr. McKeon states, no more than routine

experimentation is required to select a target sequence in a mammalian gene to be

silenced, design the hairpin motif that should include that sequence, generate an
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expression vector for transcribing the hairpin in a mammalian cell, and assess whether or

not the vector results in down-regulation of the level of expression of that gene, such as

by reduced mRNA levels. Each step of this process involves routine molecular biology.

As the McKeon Declaration attests, hairpin RNA constructs are routinely designed and

generated by graduate students in his laboratory at Harvard Medical School.

Applicants note that the information and statements set forth in the attached

declarations, though based in part on work carried out after Applicants' filing date, can be

used to substantiate the credibility of the asserted enablement of the subject invention

with respect to other embodiments within the scope of the claims. This evidence is not

offered to render an insufficient disclosure enabling, rather, they prove that the disclosure

was in fact enabling when filed. In re Brana, 51 F2d 1560 (CAFC 1995).

For the reasons presented above, Applicants submit that the claims fully comply

with the enablement requirement under 35 U.S.C. § 112, first paragraph.

Reconsideration and withdrawal of this rejection are respectfully requested.

CONCLUSION

In view of the foregoing amendments and remarks, Applicants submit that the

pending claims are in condition for allowance. Early and favorable reconsideration is

respectfully solicited. The Examiner may address any questions raised by this

submission to the undersigned at 617-951-7000. Should any additional extension of time

be required, Applicants hereby petition for same and request that the extension fee and

any other fee required for timely consideration of this submission be charged to Deposit

Account No. 18-1945.

Date: August 9, 2005

Customer No: 28120

Docketing Specialist

Ropes & Gray LLP
One International Place

Boston, MA 02110

Phone:617-951-7739

Fax:617-951-7050

Respectfully Submitted,

Reg. No. 46,778
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Short hairpin RNAs (shRNAs)
induce sequence-specific silencing
in mammalian cells

Patrick J. Paddison,
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RNA interference (RNAi) was first recognized in Caenorhabditis elegans as a biological response to exogenous

double-stranded RNA (dsRNA), which induces sequence-specific gene silencing. RNAi represents a conserved

regulatory motif, which is present in a wide range of eukaryotic organisms. Recently, we and others have

shown that endogenously encoded triggers of gene silencing act through elements of the RNAi machinery to

regulate the expression of protein-coding genes. These small temporal RNAs (stRNAs) are transcribed as short

hairpin precursors (-70 nt), processed into active, 21 -nt RNAs by Dicer, and recognize target mRNAs via

base-pairing interactions. Here, we show that short hairpin RNAs (shRNAs) can be engineered to suppress the

expression of desired genes in cultured Drosophila and mammalian cells. shRNAs can be synthesized

exogenously or can be transcribed from RNA polymerase III promoters in vivo, thus permitting the

construction of continuous cell lines or transgenic animals in which RNAi enforces stable and heritable gene

silencing.

[Key Words: RNAi; gene silencing; miRNA; shRNA; siRNA]
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Exhibit A

An understanding of the biological role of any gene

comes only after observing the phenotypic consequences

of altering the function of that gene in a living cell or

organism. In many cases, those organisms for which con-

venient methodologies for genetic manipulation exist

blaze the trail toward an understanding of similar genes

in less tractable organisms, such as mammals. The ad-

vent of RNA interference (RNAi) as an investigational

tool has shown the potential to democratize at least one

aspect of genetic manipulation, the creation of hypomor-
phic alleles, in organisms ranging from unicellular para-

sites (e.g., Shi et al. 2000) to mammals (Svoboda et al.

2000; Wianny and Zernicka-Goetz 2000).

Although Caenorhabditis elegans has, for some time,

been well developed as a forward genetic system, the

lack of methodologies for gene replacement by homolo-

gous recombination presented a barrier to assessing rap-

idly the consequences of loss of function in known
genes. In an effort to overcome this limitation, Mello and

Fire (Fire et al. 1998), building on earlier studies (Guo and

Kemphues 1995), probed the utility of antisense RNA as

'Corresponding author.

E-MAIL hannon@cshl.org; FAX (516) 367-8874.

Article and publication are at http://www.gcncsdcv.org/cgi/doi/10.1101/

gad.981002.

a method for suppressing gene expression in worms.
Through these efforts, they found that double-stranded

RNA (dsRNA) was much more effective than antisense

RNA as an inducer of gene silencing. Subsequent studies

have shown that RNAi is a conserved biological response

that is present in many, if not most, eukaryotic organ-

isms (for review, see Bernstein et al. 2001b; Hammond et

al. 2001b).

As a result of biochemical and genetic approaches in

several experimental systems, the mechanisms underly-

ing RNAi have begun to unfold (for review, see Bernstein

et al. 2001b; Hammond et al. 2001b). These suggest the

existence of a conserved machinery for dsRNA-induced
gene silencing, which proceeds via a two-step mecha-

nism. In the first step, the dsRNA silencing trigger is

recognized by an RNase III family nuclease called Dicer,

which cleaves the dsRNA into ~21-23-nt siRNAs (small

interfering RNAs). These siRNAs are incorporated into a

multicomponent nuclease complex, RISC, which identi-

fies substrates through their homology to siRNAs and

targets these cognate mRNAs for destruction.

Although it was clear from the outset that RNAi
would prove a powerful tool for manipulating gene ex-

pression in invertebrates, there were several potential

impediments to the use of this approach in mammalian
cells. Most mammalian cells harbor a potent antiviral

response that is triggered by the presence of dsRNA viral
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replication intermediates. A key component of this re-

sponse is a dsRNA-activated protein kinase
/
PKR, which

phosphorylates EIF-2a
/
inducing, in turn, a generalized

inhibition of translation (for review, see Williams 1997;

Gil and Esteban 2000). In addition, dsRNA activates the
2 '5' oligoadenylate polymerase/RNase L system and re-

presses IkB. The ultimate outcome of this set of re-

sponses is cell death via apoptosis.

Therefore, it came as a welcome surprise that dsRNA
could induce sequence-specific silencing in mammalian
embryos, which apparently lack generalized responses to

dsRNA (Svoboda et al. 2000; Wianny and Zernicka-

Goetz 2000). Indeed, microinjection of dsRNA into

mouse zygotes could specifically silence both exogenous

reporters and endogenous genes to create anticipated

phenotypes. Subsequently, these observations were ex-

tended to embryonic cell lines, such as embryonic stem

cells and embryonal carcinoma cells, which do not show
generic translational repression in response to dsRNA
(Billy et al. 2001; Yang et al. 2001; Paddison et al. 2002).

However, restriction of conventional RNAi to these few

embryonic and cell culture systems would place a sig-

nificant limitation on the utility of this approach in

mammals.
Tuschl and colleagues first showed that short RNA

duplexes, designed to mimic the products of the Dicer

enzyme, could trigger RNA interference in vitro in Dro-

sophila embryo extracts (Tuschl et al. 1999; Elbashir et

al. 2001b,c). This observation was extended to mamma-
lian somatic cells by Tuschl and coworkers (Elbashir et

al. 2001a) and by Fire and colleagues (Caplen et al. 2001),

who showed that chemically synthesized siRNAs could

induce gene silencing in a wide range of human and

mouse cell lines. The use of synthetic siRNAs to tran-

siently suppress the expression of target genes is quickly

becoming a method of choice for probing gene function

in mammalian cells.

Dicer, the enzyme that normally produces siRNAs in

vivo, has been linked to RNA interference both through

biochemistry and through genetics (Bernstein et al.

2001a; Grishok et al. 2001; Ketting et al. 2001; Knight

and Bass 2001). Indeed, C. elegans animals that lack

Dicer are RNAi-deficient, at least in some tissues. How-
ever, these animals also have additional phenotypic ab-

normalities. Specifically, they are sterile and show a

number of developmental abnormalities that typify al-

terations in developmental timing. Indeed, the pheno-

types of the Dicer mutant animals were similar to those

previously observed for animals carrying mutations in

the let-7 gene (Reinhart et al. 2000).

The let- 7 gene encodes a small, highly conserved RNA
species that regulates the expression of endogenous pro-

tein-coding genes during worm development. The active

RNA species is transcribed initially as an ~70-nt precur-

sor, which is posttranscriptionally processed into a ma-

ture -21 -nt form (Reinhart et al. 2000). Both in vitro and

in vivo data from C. elegans (Grishok et al. 2001; Ketting

et al. 2001; Knight and Bass 2001) and human cells

(Hutvagner et al. 2001) have pointed to Dicer as the en-

zyme responsible for let-7 maturation and for the matu-

ration of a similar small RNA, lin-4 (Grishok et al. 2001 ).

Thus, at least some components of the RNAi machinery

respond to ehdogenously encoded triggers to regulate the

expression of target genes.

Recent studies have placed let-7 and lin-4 as the found-

ing members of a potentially very large group of small

RNAs known generically as micro-RNAs (miRNAs).

Nearly 100 potential miRNAs have now been identified

in Drosophila, C. elegans, and mammals (Lagos-Quin-

tana et al. 2001; Lau et al. 2001; Lee and Ambros 2001).

Although the functions of these diverse RNAs remain

mysterious, it seems likely that they, like let-7 and lin-4,

are transcribed as hairpin RNA precursors, which are

processed to their mature forms by Dicer (Lee and Am-
bros 2001; E. Bernstein, unpubl.).

Since the realization that small, endogenously en-

coded hairpin RNAs could regulate gene expression via

elements of the RNAi machinery, we have sought to

exploit this biological mechanism for the regulation of

desired target genes. Here we show that short hairpin

RNAs (shRNAs) can induce sequence-specific gene si-

lencing in mammalian cells. As is normally done with

siRNAs, silencing can be provoked by transfecting exog-

enously synthesized hairpins into cells. However, silenc-

ing can also be triggered by endogenous expression of

shRNAs. This observation opens the door to the produc-

tion of continuous cells lines in which RNAi is used to

stably suppress gene expression in mammalian cells.

Furthermore, similar approaches should prove effica-

cious in the creation of transgenic animals and poten-

tially in therapeutic strategies in which long-term sup-

pression of gene function is essential to produce a desired

effect.

Results

Short hairpin RNAs trigger gene silencing

in Drosophila cells

Several groups (Grishok et al. 2001; Hutvagner et al.

2001; Ketting et al. 2001; Knight and Bass 2001) have

shown that endogenous triggers of gene silencing, spe-

cifically small temporal RNAs (stRNAs) let-7 and lin-4,

function at least in part through RNAi pathways. Spe-

cifically, these small RNAs are encoded by hairpin pre-

cursors that are processed by Dicer into mature, -21-nt

forms. Moreover, genetic studies in C, elegans have

shown a requirement for Argonaute-family proteins in

stRNA function. Specifically, alg-1 and alg-2, members
of the EIF2c subfamily, are implicated both in stRNA
processing and in their downstream effector functions

(Grishok et al. 2001). We have recently shown that a

component of RISC, the effector nuclease of RNAi, is a

member of the Argonaute family, prompting a model in

which stRNAs may function through RISC-like com-
plexes, which regulate mRNA translation rather than

mRNA stability (Hammond et al. 2001a).

We wished to test the possibility that we might retar-

get these small, endogenously encoded hairpin RNAs to

regulate genes of choice with the ultimate goal of sub-
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verting this regulatory system for manipulating gene ex-

pression stably in mammalian cell lines and in trans-

genic animals. Whether triggered by long dsRNAs or by

siRNAs, RNAi is generally more potent in the suppres-

sion of gene expression in Drosophila S2 cells than in

mammalian cells. We therefore chose this model sys-

tem in which to test the efficacy of short hairpin RNAs
(shRNAs) as inducers of gene silencing.

Neither stRNAs nor the broader group of miRNAs
that has recently been discovered form perfect hairpin

structures. Indeed; each of these RNAs is predicted to

contain several bulged nucleotides within their rather

short (~30-nt) stem structures. Because the position and

character of these bulged nucleotides have been con-

served throughout evolution and among at least a subset

of miRNAs, we sought to design retargeted miRNA
mimics to conserve these predicted structural features.

Only the let-7 and lin-4 miRNAs have known mRNA
targets (Wightman et al. 1993; Slack et al. 2000). In both

cases, pairing to binding sites within the regulated tran-

scripts is imperfect, and in the case of lin-4, the presence

of a bulged nucleotide is critical to suppression (Ha et al.

1996). We therefore also designed shRNAs that paired

imperfectly with their target substrates. A subset of

these shRNAs is depicted in Figure 1A.

To permit rapid testing of large numbers of shRNA
variants and quantitative comparison of the efficacy of

suppression, we chose to use a dual-luciferase reporter

system, as previously described for assays of RNAi in

both Drosophila extracts (Tuschl et al. 1999) and mam-
malian cells (Caplen et al. 2001; Elbashir et al. 2001a).

Cotransfection of firefly and Renilla luciferase reporter

plasmids with either long dsRNAs or with siRNAs ho-

mologous to the firefly luciferase gene yielded an -95%
suppression of firefly luciferase without effect on Renilla

luciferase (Fig. IB; data not shown). Firefly luciferase

could also be specifically silenced by cotransfection with

homologous shRNAs. Surprisingly, those shRNAs mod-
eled most closely on the let-7 paradigm were the least

effective inducers of silencing (data not shown). The in-

clusion of bulged nucleotides within the shRNA stem
caused only a modest reduction in potency; however, the

presence of mismatches with respect to the target

mRNA essentially abolished silencing potential. The
most potent inhibitors were those composed of simple

hairpin structures with complete homology to the sub-

siRNA
Figure 1. Short hairpins suppress gene

expression in Drosophila S2 cells. (A) Se-

quences and predicted secondary structure

of representative chemically synthesized

RNAs. Sequences correspond to positions

1 12-134 (siRNA) and 463-491 (shRNAs) of

Firefly luciferase carried on pGL3-Control.

An siRNA targeted to position 463-485 of

the luciferase sequence was virtually iden-

tical to the 1 12-134 siRNA in suppressing

expression, but is not shown. (B) Exog-

enously supplied short hairpins suppress

expression of the targeted Firefly lucifer-

ase gene in vivo. Six-well plates of S2 cells

were transfected with 250 ng/well of plas-

mids that direct the expression of firefly

and Renilla luciferase and 500 ng/well of

the indicated RNA. Luciferase activities

were assayed 48 h after transfection. Ra-

tios of firefly to Renilla luciferase activity

were normalized to a control transfected

with an siRNA directed at the green fluo-

rescent protein (GFP). The average of three

independent experiments is shown,- error

bars indicate standard deviation. (C) Short

hairpins are processed by the Drosophila

Dicer enzyme. T7 transcribed hairpins

shFfL22, shFfL29, and shFfS29 were incu-

bated with (+| and without (-) 0-2-h Dro-

sophila embryo extracts. Those incubated

with extract produced ~22-nt siRNAs,

consistent with the ability of these hair-

pins to induce RNA interference. A long

dsRNA input (cyclin E 500-mer) was used

as a control. Cleavage reactions were per-

formed as described in Bernstein et al.

(2001a).

UCGAAGUACUCAGCGUAAGUG
AAAGCUIICAUGAGUCGCAUUC

cshFf
u

CAUCGAOJGAAAUCCCUGGUAAUCCGUUG U
GUAGCUGACUUUAGGGACCAUUAGGCAAC A

A

cshFf-L7
u

CAUCGAaJGAAAUCCCUGOUAAUCCGUUU GGGGC \
GUAGCUGAUUUUAGGGACUAUUAGGUAAA UCCCG C

UAGGGUAUCG U

cshFf-L7m
GCC U

CAUCGACUGAAAUCCC GUAAUCCGUUU GGGGC \

GUAGCUGAUUUUAGGG UAUUAGGUAAA UCCCG C

AC- UAGGGUAUCG U

B

2

- + - + - + -+ extract

long

Input

////
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strate. Introduction of G-U basepairs either within the

stem or within the substrate recognition sequence had

little or no effect (Fig. 1A,B
;
data not shown). Similarly,

varying either the loop size from -4 to 23 bases or the

loop sequence (e.g., to mimic let-7) also proved neutral

(data not shown).

These results show that short hairpin RNAs can in-

duce gene silencing in Drosophila S2 cells with potency

similar to that of siRNAs (Fig. IB). However, in our ini-

tial observation of RNA interference in Drosophila S2

cells, we noted a profound dependence of the efficiency

of silencing on the length of the dsRNA trigger (Ham-

mond et al. 2000). Indeed, dsRNAs of fewer than -200 nt

triggered silencing very inefficiently. Silencing is initi-

ated by an RNase III family nuclease, Dicer, that pro-

cesses long dsRNAs into ~22-nt siRNAs. In accord with

their varying potency as initiators of silencing, long dsR-

NAs are processed much more readily than short RNAs
by the Dicer enzyme (Bernstein et al. 2001a). We there-

fore tested whether shRNAs were substrates for the

Dicer enzyme.

We had noted previously that let-7 (Ketting et al. 2001

)

and other miRNAs (E. Bernstein, unpubl.) are processed

by Dicer with an unexpectedly high efficiency as com-

pared with short, nonhairpin dsRNAs. Similarly, Dicer

efficiently processed shRNAs that targeted firefly lucif-

erase, irrespective of whether they were designed to

mimic a natural Dicer substrate {let-7) or whether they

were simple hairpin structures (Fig. 1C). These data sug-

gest that recombinant shRNAs can be processed by

Dicer into siRNAs and are consistent with the idea that

these short hairpins trigger gene silencing via an RNAi
pathway.

Short hairpin activated gene silencing

in mammalian cells

RNAi is developing into an increasingly powerful meth-

odology for manipulating gene expression in diverse ex-

perimental systems. However, mammalian cells contain

several endogenous systems that were predicted to ham-
per the application of RNAi. Chief among these is a

dsRNA-activated protein kinase, PKR, which effects a

general suppression of translation via phosphorylation of

EIF-2a (Williams 1997; Gil and Esteban 2000). Activa-

tion of these, and other dsRNA-responsive pathways,

generally requires duplexes exceeding 30 bp in length,

possibly to permit dimerization of the enzyme on its

allosteric activator (e.g., Clarke and Mathews 1995).

Small RNAs that mimic Dicer products, siRNAs, pre-

sumably escape this limit and trigger specific silencing,

in part because of their size. However, short duplex

RNAs that lack signature features of siRNAs can effi-

ciently induce silencing in Drosophila S2 cells but not in

mammalian cells (A.A. Caudy, unpubl.). Endogenously

encoded miRNAs may also escape PKR surveillance be-

cause of their size but perhaps also because of the dis-

continuity of their duplex structure. Given that shRNAs
of <30 bp were effective inducers of RNAi in Drosophila

S2 cells, we tested whether these RNAs could also in-

duce sequence-specific silencing in mammalian cells.

Human embryonic kidney (HEK293T) cells were co-

transfected with chemically synthesized shRNAs and

with a mixture of firefly and Renilla luciferase reporter

plasmids. As had been observed in S2 cells, shRNAs
were effective inducers of gene silencing. Once again,

hairpins designed to mimic let-7 were consistently less

effective than were simple hairpin RNAs, and the intro-

duction of mismatches between the antisense strand of

the shRNA and the mRNA target abolished silencing

(Fig. 2A
; data not shown). Overall, shRNAs were some-

what less potent silencing triggers than were siRNAs.

Whereas siRNAs homologous to firefly luciferase rou-

tinely yielded -90%-95% suppression of gene expres-

sion, suppression levels achieved with shRNAs ranged

from 80%-90% on average. As we also observe with siR-

NAs, the most important determinant of the potency of

the silencing trigger is its sequence. We find that roughly

50% of both siRNAs and shRNAs are competent for sup-

pressing gene expression. However, neither analysis of

the predicted structures of the target mRNA nor analysis

of alternative structures in siRNA duplexes or shRNA
hairpins has proved of predictive value for choosing ef-

fective inhibitors of gene expression.

We have adopted as a standard, shRNA duplexes con-

taining 29 bp. However, the size of the helix can be re-

duced to -25 nt without significant loss of potency. Du-
plexes as short as 22 bp can still provoke detectable si-

lencing, but do so less efficiently than do longer

duplexes. In no case do we observe a reduction in the

internal control reporter [Renilla luciferase) that would
be consistent with an induction of nonspecific dsRNA
responses.

The ability of shRNAs to induce gene silencing was
not confined to 293T cells. Similar results were also ob-

tained in a variety of other mammalian cell lines, includ-

ing human cancer cells (HeLa), transformed monkey ep-

ithelial cells (COS-1), murine fibroblasts (NIH 3T3), and
diploid human fibroblasts (IMR90; Fig. % data not

shown).

Synthesis of effective inhibitors of gene expression

using T7 RNA polymerase

The use of siRNAs to provoke gene silencing is develop-

ing into a standard methodology for investigating gene

function in mammalian cells. To date, siRNAs have

been produced exclusively by chemical synthesis (e.g.,

Caplen et al. 2001; Elbashir et al. 2001a). However, the

costs associated with this approach are significant, lim-

iting its potential utility as a tool for investigating in

parallel the functions of large numbers of genes. Short

hairpin RNAs are presumably processed into active

siRNAs in vivo by Dicer (see Fig. 1C). Thus, these may
be more tolerant of terminal structures, both with re-

spect to nucleotide overhangs and with respect to phos-

phate termini. We therefore tested whether shRNAs
could be prepared by in vitro transcription with T7 RNA
polymerase.

GENES & DEVELOPMENT 951



Paddison et al.

Figure 2. Short hairpins function in mammalian cells. HEK 293T, HeLa, COS-1, and NIH 3T3 cells were transfected with plasmids

and RNAs as in Figure 1 and subjected to dual luciferase assays 48 h posttransfection. The ratios of firefly to Renilla luciferase activity

are normalized to a control transfected with an siRNA directed at the green fluorescent protein (GFP). The average of three indepen-

dent experiments is shown; error bars indicate standard deviation.

Transcription templates that were predicted to gener-

ate siRNAs and shRNAs similar to those prepared by
chemical RNA synthesis were prepared by DNA synthe-

sis (Fig. 3A,C). These were tested for efficacy both in S2

cells (data not shown) and in human 293 cells (Fig. 3B,D).

Overall, the performance of the T7-synthesized hairpin

or siRNAs closely matched the performance of either

produced by chemical synthesis, both with respect to the

magnitude of inhibition and with respect to the relative

efficiency of differing sequences. Because T7 polymerase

prefers to initiate at twin guanosine residues, however, it

was critical to consider initiation context when design-

ing in vitro transcribed siRNAs (Fig. 3B). In contrast,

shRNAs, which are processed by Dicer (see Fig. 1C), tol-

erate the addition of these bases at the 5' end of the

transcript.

Studies in Drosophila embryo extracts indicate that

siRNAs possess 5' phosphorylated termini, consistent

with their production by an RNase III family nuclease

(Bernstein et al. 2001a
;
Elbashir et al. 2001b). In vitro,

this terminus is critical to the induction of RNAi by

synthetic RNA oligonucleotides (Elbashir et al. 2001 c;

Nykanen et al. 2001). Chemically synthesized siRNAs
are nonphosphorylated, and enzymatic addition of a 5'

phosphate group in vitro prior to transfection does not

increase the potency of the silencing effect (A.A. Caudy,

unpubl.). This suggests either that the requirement for

phosphorylated termini is less stringent in mammalian

cells or that a kinase efficiently phosphorylates siRNAs
in vivo. RNAs synthesized with T7 RNA polymerase,

however, possess 5' triphosphate termini. We therefore

explored the possibility of synthesizing siRNAs with T7
polymerase followed by treatment in vitro with pyro-

phosphatase to modify the termini to resemble those of

siRNAs. Surprisingly, monophosphorylated siRNAs
(data not shown) were as potent in inducing gene silenc-

ing as transcription products bearing triphosphate ter-

mini (Fig. 3B). This may suggest either that the require-

ment for monophosphorylated termini is less stringent

in mammalian cells or that siRNAs are modified in vivo

to achieve an appropriate terminal structure.

Considered together, our data suggest that both

shRNAs and siRNA duplexes can be prepared by synthe-

sis with T7 RNA polymerase in vitro. This significantly

reduces the cost of RNAi in mammalian cells and paves

the way for application of RNAi on a whole-genome
scale.

Transcription of shRNAs in vivo by RNA
polymerase HI

Although siRNAs are an undeniably effective tool for

probing gene function in mammalian cells, their sup-

pressive effects are by definition of limited duration. De-

livery of siRNAs can be accomplished by any of a num-
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UCGAAGUACUCAGCGUAAGUG
AAAGCUUCAOGAGUCGCAUUC
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GGUCGAAGUACUCAGCGUAAGAA
AAAGCUUCATGAGUCGCAUUCGG
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GGUUGUGGAUCUGGAUACCGG
UUCCAACACCUAGACCUAUGG

T7siFf-3

GGUGCCAACCCUAUUCUCCUU
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GGCUAUGAAGAGAGOACGCCCU
UUCCGAUACUUCUCUCAUGCGG
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Figure 3. siRNAs and short hairpins transcribed in vitro suppress gene

expression in mammalian cells. [A] Sequences and predicted secondary

structure of representative in vitro transcribed siRNAs. Sequences corre-

spond to positions 112-134 (siRNA) and 463-491 (shRNAs) of firefly lu-

ciferase carried on pGL3-Control. (5) In vitro transcribed siRNAs suppress

expression of the targeted firefly luciferase gene in vivo. HEK 293T cells

were transfected with plasmids as in Figure 2. The presence of non-base-

paired guanosine residues at the 5' end of siRNAs significantly alters the

predicted end structure and abolishes siRNA activity, (C| Sequences and
predicted secondary structure of representative in vitro transcribed shR-

NAs, Sequences correspond to positions 112-141 of firefly luciferase carried on pGL3-Control. [D] Short hairpins transcribed in vitro

suppress expression of the targeted firefly luciferase gene in vivo. HEK 293T cells were transfected with plasmids as in Figure 2.

T7shFf29-3T
G| U
GUCGAAGUACUCAGCGUAAGUGAUGUCCAC
CGGUUUUGUGGGUUGUGUUUGUUGUGGGUG

GAGCUA A

ber of transient transfection methodologies, and both the

timing of peak suppression and the recovery of protein

levels as silencing decays can vary with both the cell

type and the target gene (Y. Seger and E. Bernstein, un-

publ.). Therefore, one limitation on siRNAs is the devel-

opment of continuous cell lines in which the expression

of a desired target is stably silenced.

Hairpin RNAs, consisting of long duplex structures,

have been proved as effective triggers of stable gene si-

lencing in plants, in C. elegans, and in Diosophila (Ken-
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nerdell and Carthew 2000; Smith et al. 2000; Tavernara-

kis et al. 2000). We have recently shown stable suppres-

sion of gene expression in cultured mammalian cells by

continuous expression of a long hairpin RNA (Paddison

et al. 2002). However, the scope of this approach was
limited by the necessity of expressing such hairpins only

in cells that lack a detectable PKR response. In principle,

shRNAs could bypass such limitations and provide a

tool for evoking stable suppression by RNA in mamma-
lian somatic cells.

To test this possibility, we initially cloned sequences

encoding a firefly luciferase shRNA into a CMV-based
expression plasmid. This was predicted to generate a

capped, polyadenylated RNA polymerase II transcript in

which the hairpin was extended on both the 5' and 3'

ends by vector sequences and polyjA). This construct

was completely inert in silencing assays in 293T cells

(data not shown).

During our studies on chemically and T7-synthesized

shRNAs, we noted that the presence of significant

single-stranded extensions (either 5' or 3' of the duplex)

reduced the efficacy of shRNAs (data not shown). We
therefore explored the use of alternative promoter strat-

egies in an effort to produce more defined hairpin RNAs.
In particular, RNA polymerase III promoters have well-

defined initiation and termination sites and naturally

produce a variety of small, stable RNA species. Although

many Pol III promoters contain essential elements

within the transcribed region, limiting their utility for

our purposes; class HI promoters use exclusively non-

transcribed promoter sequences. Of these, the U6
snRNA promoter and the HI RNA promoter have been

well studied (Lobo et al. 1990; Hannon et al. 1991; Chong
et al. 2001|.

By placing a convenient cloning site immediately be-

hind the U6 snRNA promoter, we have constructed

pShh-1, an expression vector in which short hairpins are

harnessed for gene silencing. Into this vector either of

two shRNA sequences derived from firefly luciferase

were cloned from synthetic oligonucleotides. These

were cotransfected with firefly and Renilla luciferase ex-

pression plasmids into 293T cells. One of the two en-

coded shRNAs provoked effective silencing of firefly lu-

ciferase without altering the expression of the internal

control (Fig. 4C). The second encoded shRNA also pro-

duced detectable, albeit weak, repression. In both cases,

silencing was dependent on insertion of the shRNA in

the correct orientation with respect to the promoter (Fig.

4C; data not shown). Although the shRNA itself is bilat-

erally symmetric, insertion in the incorrect orientation

would affect Pol III termination and is predicted to pro-

duce a hairpin with both 5' and 3' single-stranded exten-

sions. Similar results were also obtained in a number of

other mammalian cell lines including HeLa, COS-1, NIH
3T3, and IMR90 (Fig. 4

;
data not shown). pShhl-Ffl was,

however, incapable of effecting suppression of the lucif-

erase reporter in Drosophila cells, in which the human
U6 promoter is inactive (data not shown).

As a definitive test of whether the plasmid-encoded

shRNAs brought about gene silencing via the mamma-

lian RNAi pathway, we assessed the dependence of sup-

pression on an essential component of the RNAi path-

way. We transfected pShhl-Ffl along with an siRNA ho-

mologous to human Dicer. Figure 5 shows that

treatment of cells with Dicer siRNAs is able to com-
pletely depress the silencing induced by pShhl-Ffl . Ad-

dition of an unrelated siRNA had no effect on the mag-
nitude of suppression by pShhl-Ffl (data not shown). Im-

portantly, Dicer siRNAs had no effect on siRNA-induced

silencing of firefly luciferase (data not shown). These re-

sults are consistent with shRNAs operating via an RNAi
pathway similar to those provoked by stRNAs and long

dsRNAs. Furthermore, it suggests that siRNA-mediated

silencing is less sensitive to depletion of the Dicer en-

zyme.

The ultimate utility of encoded short hairpins will be

in the creation of stable mutants that permit the study of

the resulting phenotypes. We therefore tested whether

we could create a cellular phenotype through stable sup-

pression. Expression of activated alleles of the ras onco-

gene in primary mouse embryo fibroblasts (MEFs) in-

duces a stable growth arrest that resembles, as a terminal

phenotype, replicative senescence (Serrano et al. 1997).

Cells cease dividing and assume a typical large, flattened

morphology. Senescence can be countered by mutations

that inactivate the p53 tumor suppressor pathway (Ser-

rano et al. 1997). As a test of the ability of vector-encoded

shRNAs to stably suppress an endogenous cellular gene,

we generated a hairpin that was targeted to the mouse
p53 gene. As shown in Figure 6, MEFs transfected with

pBabe-RasV12 fail to proliferate and show a senescent

morphology when cotransfected with an empty control

vector. As noted previously (Serrano et al. 1997), the ter-

minally arrested state is achieved in 100% of drug-se-

lected cells in culture by 8 d posttransfection. However,

upon cotransfection of an activated ras expression con-

struct with the pShh-p53, cells emerged from drug selec-

tion that not only fail to adopt a senescent morphology
but also maintain the ability to proliferate for a mini-

mum of several weeks in culture (Fig. 6). These data

strongly suggest that shRNA expression constructs can

be used for the creation of continuous mammalian cell

lines in which selected target genes are stably sup-

pressed.

Discussion

The demonstration that short dsRNA duplexes can in-

duce sequence-specific silencing in mammalian cells has

begun to foment a revolution in the manner in which
gene function is examined in cultured mammalian cells.

These siRNAs (Elbashir et al. 2001a) mimic the products

generated by Dicer (Bernstein et al. 2001a) in the initia-

tion step of RNAi and presumably enter the silencing

pathway without triggering nonspecific translational

suppression via PKR. siRNAs can be used to examine the

consequences of reducing the function of virtually any
protein-coding gene and have proved effective in provok-

ing relevant phenotypes in numerous somatic cell types

from both humans and mice. However, a significant dis-
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Figure 4. Transcription of functional shRNAs in vivo. {A) Schematic of the pShhl vector. Sequences encoding shRNAs with between

19 and 29 bases of homology to the targeted gene are synthesized as 60-75-bp double-stranded DNA oligonucleotides and ligated into

an £coRV site immediately downstream of the U6 promoter. [B] Sequence and predicted secondary structure of the Ff 1 hairpin. [C] An
shRNA expressed from the pShhl vector suppresses luciferase expression in mammalian cells. HEK 293T, HeLa

/
COS-1, and NIH 3T3

cells were transfected with reporter plasmids as in Figure 1, and pShhl vector, firefly siRNA, or pShhl firefly shRNA constructs as

indicated. The ratios of firefly to Renilla luciferase activity were determined 48 h after transfection and represent the average of three

independent experiments; error bars indicate standard deviation.

advantage of siRNAs is that their effects are transient;

with phenotypes generated by transfection with such

RNAs persisting for -1 wk. In C. elegans, RNAi has

proved to be such a powerful tool, in part, because si-

lencing is both systemic and heritable, permitting the

consequences of altering gene expression to be examined

throughout the development and life of an animal. We
have therefore sought to expand the utility of RNAi in

mammalian systems by devising methods to induce

stable and heritable gene silencing. Previously, we have

shown that expression of long (-500-nt) dsRNAs could

produce stable silencing in embryonic mammalian cells
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1.2

+ + Dicer siRNA

Figure 5. Dicer is required for shRNA-mediated gene silenc-

ing. HEK 293T cells were transfected with luciferase reporter

plasmids as well as pShhl-Ffl and an siRNA targeting human
Dicer either alone or in combination, as indicated. The Dicer

siRNA sequence (TCA ACC AGC CAC TGC TGG A) corre-

sponds to coordinates 3137-3155 of the human Dicer sequence.

The ratios of firefly to Renilla luciferase activity were deter-

mined 26 h after transfection and represent the average of three

independent experiments; error bars indicate standard devia-

tion.

(Paddison et al. 2002); however, the utility of this ap-

proach was limited by its restriction to cells that lack

endogenous, nonspecific responses to dsRNA
/
such as

PKR.
Recently, a number of laboratories (Grishok et al.

2001; Hutvagner et al. 2001; Retting et al. 2001; Knight

and Bass 2001 ) have shown that there exist endogenously

encoded triggers of RNAi-related pathways, which are

transcribed as short hairpin RNAs (stRNAs, or generi-

cally miRNAs). Here, we have shown that short hairpin

RNAs, modeled conceptually on miRNAs, are potent ex-

perimental tools for inducing gene silencing in mamma-
lian somatic cells. These shRNAs can be provided exog-

enously or can be synthesized in vivo from RNA poly-

merase III promoters. Not only does this enable the

creation of continuous cell lines in which suppression of

a target gene is stably maintained by RNAi, but similar

strategies may also be useful for the construction of

transgenic animals. Thus, short-hairpin-activated gene

silencing (SHAGging) provides a complement to the use

of siRNAs in the study of gene function in mammalian
cells. Finally, the ability to encode a constitutive silenc-

ing signal may permit the marriage of shRNA-induced
silencing with in vivo and ex vivo gene delivery methods
for therapeutic approaches based on stable RNAi in hu-

mans.

Materials and methods

Cell culture

HEK 293T, HeLa, COS-1, MEF, and 1MR90 cells were cultured

in DMEM (GIBCO BRL] supplemented with 10% heat-inacti-

vated fetal bovine serum (FBS) and 1 % antibiotic/antimycotic

solution (GIBCO BRL). NIH 3T3 cells were cultured in DMEM
supplemented with 10% heat-inactivated calf serum and 1%
antibiotic/antimycotic solution.

RNA preparation

Both shRNAs and siRNAs were produced in vitro using chemi-

cally synthesized DNA oligonucleotide templates (Sigma| and

the T7 Megashortscript kit (Ambion). Transcription templates

Figure 6. Stable shRNA-mediated gene silencing of B
an endogenous gene. [A] Sequence and predicted sec-

ondary structure of the p53 hairpin. The 5' shRNA
stem contains a 27-nt sequence derived from mouse

p53 (nucleotides 166-192), whereas the 3' stem har-

bors the complimentary antisense sequence. (£) Se-

nescence bypass in primary mouse embryo fibro-

blasts {MEFs) expressing an shRNA targeted at p53.

Wild-type MEFs, passage 5, were transfected with

pBabe-RasV12 with control plasmid or with p53hp

(5 ug each with FuGENE; Roche). Two days after

transfection, cells were trypsinized, counted, and

plated at a density of 1 x 105/10-cm plate in media

containing 2.0 ug/mL of puromycin. Control cells

cease proliferation and show a senescent morphol-

ogy [left panel). Cells expressing the p53 hairpin con-

tinue to grow [right panel). Photos were taken 14 d

posttransfection.

"sense" strand
GAA

GGUCUAAGUGGAGCCCUUCGAGUGUUA G
CCGGGUUCACUUCGGGAGGCUCACAGU C

UU GUU
"anti-sense" strand

RasV12 MEF
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were designed such that they contained T7 promoter sequences

at the 5' end. shRNA transcripts subjected to in vitro Dicer

processing were synthesized using a Riboprobe kit (Promega).

Chemically synthesized RNAs were obtained from Dharmacon,

Inc.

Transfection and gene silencing assays

Cells were transfected with indicated amounts of siRNA,

shRNA, and plasmid DNA using standard calcium phosphate

procedures at 50%-70% confluence in 6-well plates. Dual lu-

ciferase assays (Promega) were carried out by cotransfecting

cells with plasmids containing firefly luciferase under the con-

trol of the SV40 promoter (pGL3-Control, Promega) and Renilla

luciferase under the control of the SV40 early enhancer/pro-

moter region (pSV40, Promega). Plasmids were cotransfected

using a 1:1 ratio of pGL3-Control (250 ng/well) to pRL-SV40.

RNAi in S2 cells was performed as previously described (Ham-

mond et al. 2000). For stable silencing, primary MEFs (a gift

from S. Lowe, Cold Spring Harbor Laboratory, NY) were co-

transfected using Fugene 6 with pBabe-Ha-rasV12 and pShh-p53

(no resistance marker), according to the manufacturer's recom-

mendations. Selection was for the presence of the activated Ha-

iasV12 plasmid, which carries a puromycin-resistance marker.

The pShh-p53 plasmid was present in excess, as is standard in a

cotransfection experiment. We have now generated a version of

the U6 promoter vector (pSHAG-1) that is compatible with the

GATEWAY system (Invitrogen), and this can be used to trans-

port the shRNA expression cassette into a variety of recipient

vectors that carry cis-linked selectable markers. Furthermore,

we have validated delivery of shRNAs using retroviral vectors.

Updated plasmid information can be obtained at http://www.

cshl,org/public/science/hannon,html.

Plasmids expressing hairpin RNAs

The U6 promoter region from -265 to +1 was amplified by PCR,
adding 5' Kpnl and 3' EcoRV sites for cloning into pBSSK+. A
linker/terminator oligonucleotide set bearing the U6 termina-

tor sequence and linker ends of 5' £coRV and 3' NotI was cloned

into the promoter construct, resulting in a U6 cassette with an

£coRV site for insertion of new sequences. This vector has been

named pShhl. Blunt-ended, double-stranded DNA oligonucleo-

tides encoding shRNAs with between 19 and 29 bases of ho-

mology to the targeted gene were ligated into the £coRV site to

produce expression constructs. The oligonucleotide sequence

used to construct Ffl was: TCCAATTCAGCGGGAGCCACC
TGATGAAGCTTGATCGGGTGGCTCTCGCTGAGTTGGA
ATCCATTTTTTTT. This sequence is preceded by the se-

quence GGAT, which is supplied by the vector, and contains a

tract of more than five Ts as a Pol III terminator.

In vitro Dicer assays

In vitro assays for Dicer activity were performed as described

(Bernstein et al. 2001a).
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Stable suppression of gene expression by RNAi in

mammalian cells
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In a diverse group of organisms including plants, Caenorhabditis

efegans, Drosophila, and trypanosomes, double-stranded RNA
(dsRNA) is a potent trigger of gene silencing. In several model

systems, this natural response has been developed into a powerful

tool for the investigation of gene function. Use of RNA interference

(RNAi) as a genetic tool has recently been extended to mammalian
cells, being inducible by treatment with small, =22-nt RNAs that

mimic those produced in the first step of the silencing process.

Here, we show that some cultured murine cells specifically silence

gene expression upon treatment with long dsRNAs (^500 nt). This

response shows hallmarks of conventional RNAi including silencing

at the posttranscriptional level and the endogenous production of

<=*22-nt small RNAs. Furthermore, enforced expression of long,

hairpin dsRNAs induced stable gene silencing. The ability to create

stable "knock-down" cell lines expands the utility of RNAi in

mammalian cells by enabling examination of phenotypes that

develop over long time periods and lays the groundwork for by

using RNAi in phenotype-based, forward genetic selections.

The use of genetically tractable model systems has been the key

to our present understanding of gene structure and function,

cell and organismal biology, and, ultimately, the molecular aspects

of human disease. The ability to stably knock out or knock down
gene expression and, thus, function, in particular, has been para-

mount to the use of such models for illuminating biological function.

For example, the use of conditional lethals in bacteriophage T4
allowed functional analysis of phage morphogenesis modules (1),

whereas the same technique applied to yeast permitted the discov-

ery of functional hierarchies among genes regulating cell cycle

progression (2, 3). In both scenarios, cells acquire stable phenotypes

through heritable genetic alterations.

Although such basic genetic approaches are virtually effortless

in many model organisms, cultured mammalian cells have

proven somewhat intractable, in this regard. This is largely

because cultured mammalian cells are diploid and favor nonho-

mologous over homologous recombination. Current approaches

to create stable phenotypes in mammalian cells have been often

met with limited success. Dominant-negative and antisense

strategies have proven inconsistent and unpredictable, thus

lacking experimental rigor equivalent to a point mutation in

yeast. However, one approach now used extensively in other

diploid organisms has the potential to foment a revolution in

mammalian somatic cell genetics. This approach is dubbed
double-stranded RNA (dsRNA)-dependent posttranscriptional

gene silencing, or RNA interference (RNAi).

It has become clear that dsRNA-induced silencing phenomena
are present in evolutionarily diverse organisms including plants,

fungi, and metazoans (reviewed in ref. 4). A combination of

genetic and biochemical studies suggests that many of these

phenomena share a common mechanism. The prevailing model
begins with the conversion of the dsRNA silencing "trigger" into

small RNAs (guide RNAs or siRNAs, ref. 5) that range in size

from ~21 to 25 nts, depending on the species of origin (6-8).

These RNAs become incorporated into a multicomponent nu-

clease complex, which uses the sequence of the guide/siRNAs to

identify and destroy homologous mRNAs (7, 8).

In several systems, dsRNA-induced silencing has been harnessed

as a powerful tool for the analysis of gene function. Particularly in

Caenorhabditis elegans, RNAi has emerged as the standard protocol

for quickly assessing the consequences of inhibiting gene fimction.

In fact, programs are underway to create RNAi libraries that can be

used to suppress, individually, each of the «*19,000 genes in the

worm genome (9, 10). In Drosophila, the first evidence of dsRNA-
induced silencing came from the study of embryos (11), and
subsequently, RNAi has proven an effective tool in cultured cells

and in adult insects (7, 12, 13).

Despite its utility in diverse systems, harnessing RNA to study

gene function in mammals seemed potentially problematic. Indeed,

mammals have evolved robust systems for responding to dsRNAs,
specifically as an antiviral defense (reviewed in refs. 14 and 15). In

somatic cells, dsRNA activates a variety of responses. Predominant

among these is PKR, a kinase that is activated by dimerization in the

presence of dsRNA (16). PKR, in turn, phosphorylates EIF2a,

causing a nonspecific translational shutdown (reviewed in ref. 14).

dsRNA also activates 2' -5' oligoadenylate polymerase, the product

of which is an essential cofactor for a nonspecific ribonuclease,

RNase L (reviewed in ref. 17).

Recently, Tuschl and colleagues (5) have demonstrated that

RNAi can be provoked in numerous mammalian cell lines through

the introduction of siRNAs. These siRNAs avoid provoking the

PKR response by virtue of their small size and are presumed to be

incorporated into the RNAi pathway by mimicking the products of

the Dicer enzyme, which catalyzes the initiation step of RNAi (18).

The ability to apply RNAi in mammals will undoubtedly spark a

firestorm of effort to assess the consequences of suppressing the

expression of genes in cultured mammalian cells.

The power of RNAi as a genetic tool would be greatly

enhanced by the ability to engineer stable silencing of gene
expression. Whereas the production of small RNAs via in vivo

expression is problematic, stable silencing has been induced in

model organisms by directed expression of long dsRNAs (13, 19,

20). We therefore undertook an effort to identify mammalian
cells in which long dsRNAs could be used as RNAi triggers in the

hope that these same cell lines would provide a platform upon
which to develop stable silencing strategies.

Materials and Methods

Cell Culture. P19 mouse embryonic carcinoma cells (American
Type Culture Collection, CRL-1825) were cultured in a-MEM
(GIBCO/BRL) supplemented with 10% heat-inactivated FBS
and 1% antibiotic/antimycotic solution (GIBCO/BRL). Mouse
embryo stem cells (Jl, provided by S. Kim, Cold Spring Harbor
Laboratory) were cultured in DMEM containing ESgro (Chemi-
con) according to the manufacturer's instructions. C2C12 mu-
rine myoblast cells (gift of N. Tonks, Cold Spring Harbor

Abbreviations: dsRNA, double-stranded RNA; RNAi, RNA interference; siRNA, small inter-

fering RNA; EGFP, enhanced green fluorescent protein.
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No dsRNA Ren dsRNA GFP dsRNA

Fig. 1. RNAi in P1 9 embryonal carcinoma cells. Ten-centimeter plates of P19

cellsweretransfected by using 5 jig of GFPplasmidancUO of the indicated

dsRNA (or no RNA). Cells were photographed by fluorescent and phase-

contrast microscopy at 72 h after transfection; silencing was also clearly

evident at 48 h posttransfection.

Laboratory) were cultured in DMEM (GIBCO/BRL) supple-

mented with 10% heat-inactivated FBS and 1% antibiotic/

antimycotic solution (GIBCO/BRL).

RNA Preparation. For the production of dsRNA, transcription

templates were generated by PCR; they contained T7 promoter

sequences on each end of the template (see ref. 7). dsRNAs were

prepared by using the RiboMax kit (Ambion, Austin, TX). Firefly

and Renilla luciferase mRNA transcripts were synthesized by using

the Riboprobe kit (Promega) and were gel purified before use.

Transfection and Gene Silencing Assays. Cells were transfected with

indicated amounts of dsRNA and plasmid DNA by using Fu-

GENE6 (Roche Biochemicals) according to the manufacturer's

instructions. Ceils were transfected at 50-70% confluence in 12-

well plates containing either 1 or 2 ml of medium per well. Dual

luciferase assays (Promega) were carried out by cotransfecting cells

with plasmids contain firefly luciferase under the control of SV40
promoter (pGL3-Control, Promega) and Renilla luciferase under

the control of the SV40 early enhancer/promoter region (pSV40,

Promega). These plasmids were cotransfected by using a 1 :1 or 10:1

ratio of pGL3-control (250 ng/well) to pRl^SV40. Both ratios

yielded similar results. For some experiments, cells were transfected

with vectors that direct expression of enhanced green fluorescent

protein (EGFP)-US9 fusion protein (21) or red fluorescent protein

(pDsRed Nl, CLONTECH). RNAi in S2 cells was performed as

described (7).

Plasmids expressing hairpin RNAs (RNAs with a self-

complimentary stem loop) were constructed by cloning the first

500 bp of the EGFP coding region (CLONTECH) into the FLIP

cassette of pRIP-FLIP (E. Bernstein and G.J.H., unpublished

data) as a direct repeat. The FLIP cassette contains two direc-

tional cloning sites, the second of which sports flanking LoxP
sites (see Fig. 6A). The Zeocin gene (Stratagene), present

between the cloning sites, maintains selection and, thus, stability

of the FLIP cassette. The FLIP cassette containing EGFP direct

repeats was subcloned into pcDNA3 (Invitrogen). To create an

inverted repeat for hairpin production, EGFP direct repeat

clones were exposed to Cre recombinase (Stratagene) in vitro

and, afterward, transformed into DL759 Escherichia coli (22).

These bacteria permit the replication of DNA containing cru-

ciform structures, which tend to form from inverted repeats.

A.
25 ng dsRNA

1.4

12 hours 24 hours 50 hours

B.
250 ng dsRNA

1.2

12 hours 24 hours 50 hours

dsFF s*FF asFF ds GFP stGfP esGFP

D.

dtREN ssREN a*R£N d»GFP «GFP asGFP

Fig. 2. RNAi of firefly and Renilla luciferase in P19 cells. (A) PI 9 cells were

transfected with plasmids that direct the expression of firefly and Renilla

luciferase and dsRNA 500 mers (25 or 250 ng, as indicated), that were either

homologous to the firefly luciferase mRNA (dsFF) or nonhomologous (dsGFP).

Luciferase activities were assayed at various times after transfection, as indi-

cated. Ratios of firefly to Renilla activity are normalized to dsGFP controls. (B

and O P1 9 cells in 1 2-well culture dishes (2 ml of media) were transfected with

0.25 fug of a 9:1 mix of pGL3-Control and pRL-SV40 as well as 2 jig of the

indicated RNA. Extracts were prepared 9 h after transfection. (B) Ratio of

firefly to Renilla luciferase is shown. (O Ratio of Renilla to firefly luciferase is

shown. Values are normalized to dsGFP. The average of three independent

experiments is shown; error bars indicate standard deviation.

DL759 transformants were screened for plasmids containing

inverted repeats (~50%).
Silencing of Dicer was accomplished by using a dsRNA

comprising exon 25 of the mouse Dicer gene and corresponding

to nucleotides 5284-5552 of the human Dicer cDNA.

In Vitro Translation and in Vitro Dicer Assays. Logarithmically grow-

ing cells were harvested in PBS containing 5 mM EGTA washed

twice in PBS and once in hypotonic buffer (10 mM Hepes, pH 7.3/6

mM )3-mercaptoethanol). Cells were suspended in 0.7 packed-cell

1444
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Fig. 3. Specific silencing of luciferase expression by dsRNA in murine em-

bryonic stem celts. Mouse embryonic stem cells in 1 2-we 1 1 culture dishes (1 ml

of media) weretransfected with 1.5 /xg of dsRNAalong with 0.25/xg of a 10:1

mixture of the reporter plasmids pGL3-Control and pRL-SV40. Extracts were

prepared and assayed 20 h after transfection. The ratio of firefly to Renilla

luciferase expression is shown for FF ds500; the ratio of Renilla to firefly is

shown for Ren ds500. Both are normalized to ratios from the dsGFP transfec-

tion. The average of three independent experiments is shown; error bars

indicate standard deviation.

volumes of hypotonic buffer containing Complete protease inhibi-

tors (Roche Molecular Biochemicals) and 0.5 units/ml of RNasin

(Promega). Cells were disrupted in a Dounce homogenizer with a

type B pestle, and lysates were centrifuged at 30,000 X g for 20 min.

Supernatants were used in an in vitro translation assay containing

capped m7G(5')pppG firefly and Renilla luciferase mRNA or in in

vitro Dicer assays containing 32P-labeled dsRNA. For in vitro

translation assays, 5 yA of extract were mixed with 100 ng of firefly

and Renilla mRNA along with 1 tig of dsRNA (or buffer)/10 mM
DTT/0.5 mM spermidine/200 mM Hepes, 3.3 mM MgOAc/800
mM KOAc/1 mM ATP/1 mM GTP/4 units of Rnasin/215 /xg of

creatine phosphate/ 1 /xg of creatine phosphate kinase/ 1 mM
amino acids (Promega). Reactions were carried out for 1 h at 30°C
and quenched by adding 1 X passive lysis buffer (Promega). Extracts

were then assayed for luciferase activity. In vitro assays for Dicer

activity were performed as described (18).

Construction of Stable Silencing Lines. Ten-centimeter plates of P19
cells were transfected with 5 ttg of GFP hairpin expression

plasmid and selected for stable integrants by using G-418 (300

ng/ml) for 14 days. Clones were selected and screened for

silencing of GFP.

Results

RNAi in Pluripotent Murine P19 Cells. It has long been clear that the

nonspecific responses to dsRNA are attenuated during early

development. In fact, injection of dsRNA into early-stage mouse
embryos can induce sequence-specific silencing of both exoge-

nous and endogenous genes (23, 24). Consistent with the pos-

sibility that RNAi might extend to mammals, homologs of the

proteins that participate in this response can be easily identified

in the mouse and human genomes (reviewed in ref. 4).

We sought to determine whether long dsRNA triggers could

induce sequence-specific silencing in cultured murine cells, both

to develop this approach as a tool for probing gene function and
to allow mechanistic studies of dsRNA-induced silencing to be

propagated to mammalian systems. We, therefore, attempted to

extend previous studies in mouse embryos (23, 24) by searching

for RNAi-like mechanisms in pluripotent, embryonic cell types.

We surveyed a number of cell lines of embryonic origin for the

degree to which generalized suppression of gene expression

occurred upon introduction ofdsRNA. As an assay, we tested the

B.

IGL FF at 500 K3L GFFtt 5C0

Fig. 4. RNAi in C2C1 2 murine myoblast cells. (A) Mouse C2C1 2 cells in 1 2-well

culture dishes (1 ml of media) were transfected with 1 /xg of the indicated

dsRNA along with 0.250 jug of the reporter plasmids pGL3-Control and pRL-

SV40. Extracts were prepared and assayed 24 h after transfection. The ratio of

firefly to Renilla luciferase expression is shown; values are normalized to ratios

from the no dsRNA control. The average of three independent experiments is

shown; error bars indicate standard deviation. (B) C2C12 cells cotransfected

with 1 ^g of either plasmid alone or a plasmid containing a hyperactive

mutant of vaccinia virus K3L (26). The absolute counts of Renilla and firefly

luciferase activity are shown, (C) The ratios of firefly/Renilla activity from B,

normalized to no dsRNA controls.

effects of dsRNA on the expression of GFP as measured in situ

by counting fluorescent cells. As expected, in both human
embryonic kidney cells (293) and mouse embryo fibroblasts,

GFP expression was virtually eliminated irrespective of the

sequence of the cotransfected dsRNA (not shown). In some
pluripotent teratocarcinoma and teratoma cell lines (e.g., N-

Teral, F9), the PKR response was attenuated but still evident

(not shown); however, in contrast, transfection of nonhomolo-

gous dsRNAs had no effect on the expression of reporter genes

(e.g., GFP, luciferase) either in mouse embryonic stem cells (not

shown) or in pi 9 embryonal carcinoma cells (Fig. 1).

Transfection of PI9 embryonal carcinoma cells with GFP in the

presence of cognate dsRNA corresponding to the first ^500 nts of

the GFP coding sequence had a strikingly different effect. GFP
expression was eliminated in the vast majority ofcotransfected cells

(Fig. 1), suggesting that these cultured murine ceils might respond

Pad dison et at. PNAS
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Fig. 5. Expression of a hairpin RNA produces PI 9 EC cell lines that stably silence GFP. (A) A cartoon of the FLIP cassette used to construct the GFP hairpin. GFP

represents the first 500 coding base pairs of EGFP. Zeo, zeocin resistance gene; L, Lox; P, the cytomegalovirus promoter in the expression plasmid pcDNA3.

Homologous GFP fragments are first cloned as direct repeats into the FLIP cassette. To create inverted repeats for hairpin production, the second repeat is flipped

by using Cre recombinase. When transcribed, the inverted repeat forms a GFP dsRNA with a hairpin loop. (S) P19 cell lines stably expressing the GFP hairpin

plasmid, GFPhp.1 (clone 10) and GFPhp.2 (clone 12), along with wt P19 were transfected with 0.25 fig each of GFP and RFP reporter genes. Fluorescence

micrographs were taken by using filters appropriate for GFP and RFP. Magnification is 200x. (C) P19 GFPhp.l cells were transfected with pEGFP and 0, 0.5, or

1 ptg of Dicer or firefly dsRNA. Fluorescence micrographs were taken at 48 h posttransfection and are superimposed with bright field images to reveal non-GFP

expressing cells. Magnification is 100x. (D) In vitro and in vivo processing of dsRNA in P19 cells. In vitro Dicer assays were performed on S2 cells and three

independently prepared P19 extracts by using 32P-labeled dsRNA (30*C for 30 min). A Northern blot of RNA extracted from control and GFPhp.l P19 cells shows

the production of *=22mer RNA species in hairpin-expressing cells but not in control cells. Blots were probed with a 32P-labeled "sense" GFP transcript

to dsRNA in a manner similar to that which we had previously

demonstrated in cultured, Drosophila S2 cells (7).

To quantify the extent to which dsRNA could induce sequence-

specific gene silencing, we used a dual luciferase reporter assay

similar to that which had first been used to demonstrate RNAi in

Drosophila embryo extracts (25). PI9 EC cells were transfected with

a mixture of two plasmids that individually direct the expression of

firefly luciferase and Renilla luciferase. These were cotransfected

with no dsRNA, with dsRNA that corresponds to the first ~500 nts

of the firefly luciferase, or with dsRNA corresponding to the first

~500 nts of GFP as a control. Cotransfection with GFP dsRNA
gave luciferase activities that were similar to the no-dsRNA control,

both in the fxtziXy/Renilla activity ratio and in the absolute values

of both activities. In contrast, in cells that received the firefly

luciferase dsRNA, the ratio of firefly to Renilla luciferase activity

was reduced by up to 30-fold (250 ng, Fig. 2fl). For comparison, we
carried out an identical set of experiments in Drosophila S2 cells.

Although qualitatively similar results were obtained, the silencing

response was more potent. At equivalent levels of dsRNA, S2 cells

suppressed firefly luciferase activity to virtually background levels

(not shown).

The complementary experiment, in which dsRNA was homol-

ogous to Renilla luciferase, was also performed. Again, in this

case, suppression of the expression of the Renilla enzyme was

~10-fold (Fig. 2D). Thus, the dsRNA response in P19 cells was

flexible, and the silencing machinery was able to adapt to

dsRNAs directed against any of the reporters that were tested.

We took two approaches to test whether this response was

specific for dsRNA. Pretreatment of the trigger with purified

RNase III, a dsRNA-specific ribonuclease, before transfection

1446
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greatly reduced its ability to provoke silencing (not shown).

Furthermore, transfection of cells with single-stranded antisense

RNAs directed against either firefly or Renilla luciferase had

little or no effect on expression of the reporters (Fig. 2 C and D).

Considered together, these results provided a strong indication

that double-stranded RNAs provoke a potent and specific

silencing response in P19 embryonal carcinoma cells.

Efficient silencing could be provoked with relatively low con-

centrations of dsRNA (25 ng/ml culture media; see Fig. 2A). The
response was concentration-dependent, with maximal suppression

of ^20-fold being achieved at a dose of 1.5 fig/m\ culture media.

Silencing was established rapidly and was evident by 9 h post-

transfection (the earliest time point examined). Furthermore, the

response persisted without significant changes in the degree of

suppression for up to 72 h following a single dose of dsRNA.

RNAi in Embryonic Stem Cells. To assess whether the presence of a

sequence-specific response to dsRNA was a peculiarity of P19

cells or whether it also extended to normal murine embryonic

cells, we performed similar silencing assays in mouse embryonic

stem cells. Cotransfection of embryonic stem cells with noncog-

nate dsRNAs (e.g., GFP), again, had no dramatic effect on either

the absolute values or the ratios of Renilla and firefly luciferase

activity (Fig. 3). However, transfection with either firefly or

Renilla luciferase dsRNA dramatically and specifically reduced

the activity of the targeted enzyme (Fig. 3).

This result suggests that RNAi can operate in multiple murine

cell types of embryonic origin, including normal embryonic stem

cells. The ability to provoke silencing in a cell type that is

normally used for the generation of genetic, mosaic animals

suggests the possibility of eventually testing the biological effects

of silencing both in culture and in reconstituted animal models.

RNAi in Murine Somatic Cells. RNAi effector pathways are likely to

be present in mammalian somatic cells, based on the ability of

siRNAs to induce transient silencing (5). Furthermore, we have

shown that RNAi initiator and effector pathways clearly exist in

embryonic cells that can enforce silencing in response to long

dsRNA triggers. We therefore sought to test whether the RNAi
machinery might exist intact in some somatic cell lines.

Transfection of HeLa cells with luciferase reporters in combi-

nation with long dsRNA triggers caused a nearly complete sup-

pression of activity, irrespective of the RNA sequence. In a murine

myoblast cell line, C2C12, we noted a mixture of two responses.

dsRNAs homologous to firefly luciferase provoked a sequence-

specific effect, producing a degree of suppression that was slightly

more potent than was observed upon transfection with cognate

«*21-nt siRNA (ref. 5; Fig. 44). However, with long dsRNA triggers,

the specific effect was superimposed upon a generalized suppres-

sion of reporter gene expression that was presumably because of

PKR activation (Fig. AB).

Numerous mammalian viruses have evolved the ability to

block PKR as an aid to efficient infection. For example, adeno-

viruses express VA RNAs, which mimic dsRNA with respect to

binding but not to activation of PICR (16). Vaccinia virus uses

two strategies to evade PKR. First is expression of E3L, which

binds and masks dsRNAs (26). The second is expression of K3L,
which binds and inhibits PKR via its ability to mimic the natural

substrate of this enzyme, eIF2a (26).

Transfection of C2C12 cells with a vector that directs K3L
expression attenuates the generalized repression of reporter

genes in response to dsRNA. However, this protein had no effect

on the magnitude of specific inhibition by RNAi (Fig. 4C).

These results raise the possibility that, at least in some cell lines

and/or cell types, blocking nonspecific responses to dsRNA will

enable the use of long dsRNAs for the study of gene function. This

might be accomplished through the use of viral inhibitors, as

Paddtson et a/.

described here, or through the use of cells isolated from animals

that are genetically modified to lack undesirable responses.

Stable Suppression of Gene Expression Using RNAi. To date, dsRNAs
have been used to induce sequence-specific gene silencing in

either cultured mammalian cells or in embryos only in a transient

fashion. However, the most powerful applications of genetic

manipulation are realized only with the creation of stable

mutants. The ability to induce silencing by using long dsRNAs
offers the opportunity to translate into mammalian cells work
from model systems such as Drosophila, plants, and C. elegans

wherein stable silencing has been achieved by enforced expres-

sion of hairpin RNAs (13, 19, 20).

P19 EC cells were transfected with a control vector or with an

expression vector that directs expression of a ^500-nt GFP
hairpin RNA from an RNA polymerase II promoter (cytomeg-

alovirus). Colonies arising from cells that had stably integrated

either construct were selected and expanded into clonal cell

lines. Each cell line was assayed for persistent RNAi by transient

cotransfection with a mixture of two reporter genes, dsRED to

mark transfected cells and GFP to test for stable silencing.

Transfection of clonal PI 9 EC cells that had stably integrated

the control vector produced equal numbers of red and green

cells, as would be expected in the absence of any specific

silencing response (Fig. 5B), whereas cells that express the GFP
hairpin RNA gave a very different result. These cells expressed

the dsRED protein with an efficiency comparable to that

observed in cells containing the control vector. However, the

cells failed to express the cotransfected GFP reporter (Fig. 5B).

These data provide a strong indication that continuous expres-

sion of a hairpin dsRNA can provoke stable, sequence-specific

silencing of a target gene.

In Drosophila S2 cells and C elegans (18, 27-30), RNAi is

initiated by the Dicer enzyme, which processes dsRNA into «*22-nt

siRNAs (18). In both, S2 cells and C. elegans experiments by using

dsRNA to target Dicer suppress the RNAi response (18, 27, 29).

Whether Dicer plays a central role in hairpin-induced gene silencing

in P19 cells was tested by transfecting P19 cells stably transfected

with GFP hairpin constructs with mouse Dicer dsRNA (see Mate-

rials and Methods). Treatment with Dicer dsRNA, but not control

dsRNA, resulted in derepression of GFP (Fig. 5C).

dsRNA Induces Posttranscriptional Silencing. A key feature of RNAi
is that it exerts its effect at the posttranscriptional level by

destruction of targeted mRNAs (reviewed in ref. 4). To test

pg dsRNA added to extract

Fig. 6. dsRNA induces silencing at the posttranscriptional level. P19 cell

extracts were used for in vitro translation of firefly and Renilla luciferase

mRNA (100 ng each). Translation reactions were programmed with various

amounts of dsRNA SOOmers, either homologous to firefly luciferase mRNA
(dsLUC) or nonhomologous (dsGFP). Luciferase assays were carried out after a

1-h incubation at 30°C. Ratios of firefly to Renilla activity are normalized to no
dsRNA controls. Standard deviations from the mean are shown.
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whether dsRNAs induced silencing in mouse cells via posttran-

scriptional mechanisms, we used an assay identical to that, used

initially to characterize RNAi responses in Drosophila embryo
extracts (25). We prepared lysates from P19 EC cells that were

competent for in vitro translation of capped mRNAs correspond-

ing to Renilla and firefly luciferase. Addition of nonspecific

dsRNAs to these extracts had no substantial effect on either the

absolute amount of luciferase expression or on the ratio of firefly

to Renilla luciferase (Fig. 6). In contrast, addition of dsRNA
homologous to the firefly luciferase induced a dramatic and

dose-dependent suppression of activity. Addition of RNA cor-

responding to only the antisense strand of the dsRNA had little

effect, comparable to a nonspecific dsRNA control, and pre-

treatment of the dsRNA silencing trigger with RNase III greatly

reduced its potential to induce silencing in vitro. A second

hallmark of RNAi is the production of small, «*22-nt siRNAs,

which determine the specificity of silencing. We found that such

RNA species were generated from dsRNA in PI 9 cell extracts

(Fig. 50, in vitro), indicative of the presence of a mouse Dicer

activity. These species were also produced in cells that stably

express GFP hairpin RNAs (Fig. 5D, in vivo). Considered

together, the posttranscriptional nature of dsRNA-induced si-

lencing, the association of silencing with the production of

«*22-nt siRNAs, and the dependence of this response on Dicer,

a key player in the RNAi pathway, strongly suggests that dsRNA
suppresses gene expression in murine cells via a conventional

RNAi mechanism.

Discussion

The discovery that dsRNA could induce gene silencing in

organisms as diverse as plants and parasitic protozoans has

raised the possibility that RNAi might be a nearly universal

mechanism of gene silencing. This notion has been supported by

the identification of homologs of proteins that participate in the

silencing process in virtually all genomes examined to date, with

the exception of Saccharomyces cerevisiae (reviewed in ref. 4).

The first indications that this response might also extend to

mammals came from the observation that injection of dsRNAs
into early mouse embryos induced sequence-specific silencing

(23, 24). Recent work by Tuschl and colleagues (5) had shown

that siRNAs can induce silencing in numerous mammalian cell

lines, presumably by entering the RNAi pathway. However, both

in mouse embryos and previous mammalian cell culture studies,

silencing was transient.
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method for probing gene function in mammalian cells. This
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RNA interference (RNAi) is a biological process in which a double-

stranded RNA directs the silencing of target genes in a sequence-

specific manner. Exogenously delivered or endogenously encoded

double-stranded RNAs can enter the RNAi pathway and guide the

suppression of transgenes and cellular genes. This technique has

emerged as a powerful tool for reverse genetic studies aimed

toward the elucidation of gene function in numerous biological

models. Two approaches, the use of small interfering RNAs and

short hairpin RNAs (shRNAs), have been developed to permit the

application of RNAi technology in mammalian cells. Here we
describe the use of a shRNA-based live-cell microarray that allows

simple, low-cost, high-throughput screening of phenotypes caused

by the silencing of specific endogenous genes. This approach is a

variation of "reverse transfection" in which mammalian cells are

cultured on a microarray slide spotted with different shRNAs in a

transfection carrier. Individual cell clusters become transfected

with a defined shRNA that directs the inhibition of a particular

gene of interest potentially producing a specific phenotype. We
have validated this approach by targeting genes involved in

cytokinesis and proteasome-mediated proteolysis.

RNA interference (RNAi) has emerged as one of the standard

techniques to study gene function in diverse experimental

systems. Introduction of double-stranded RNA (dsRNA) into a

cell decreases the level of the complementary mRNAs producing

a knockdown of the corresponding protein. The current model
of the RNAi mechanism proposes that the silencing "trigger" is

processed by Dicer into small RNAs of 21-22 nucleotides in

length. These become incorporated into an RNA-induced si-

lencing complex with endonuclease activity (RISC), which, in

turn, identifies and cleaves homologous mRNAs (1, 2).

Based on this approach, genomewide RNAi approaches have

been used successfully for phenotype-based screens in Caeno-

rhabditis elegans (3-5) and Drosophila melanogaster (6, 7). In

part, these successes derive from the availability of convenient

and inexpensive methods for producing and introducing dsRNA.
For example, it has previously been shown that RNAi can be

triggered by soaking C. elegans in a solution of dsRNA (8), or by

feeding worms with E. coli expressing gene-specific dsRNAs (9).

In Drosophila cells a soaking protocol is also available allowing

an easy method of introducing dsRNA (10).

Unfortunately, similarly straightforward approaches for trig-

gering silencing have not been described in mammals. Analysis

of multiples genes requires a "gene by gene" method, in which

individual transfections must be performed, making these stud-

ies expensive, tedious, and dependent on high-throughput ro-

botic systems. Cell microarrays represent a novel alternative to

classical approaches to phenotype-based assays in mammalian
cells.

Cell microarrays were first described by Ziauddin and Sabatini

(11), who demonstrated that cells grown on a glass substrate

could take up DNA-lipid complexes that had been deposited on

the slide before cells were plated. Cells essentially became
transfected in situ, with defined spots of transfected cells local-

ized over the printed DNAs. These studies demonstrated the use

of conventional DNA constructs for creating phenotypes based

on ectopic expression. Here we investigate the possibility of
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similarly using cell microarrays for loss-of-function genetics. This

is accomplished by creating a microarray of living cells that have

been transfected in situ with either small interfering RNAs
(siRNAs) or with DNA constructs that direct the expression of

short hairpin RNAs (shRNAs). These are effective at initiating

a silencing response and in creating defined areas (spots) of cells

in which suppression of a targeted gene generates an expected

phenotype. Such arrays will find broad application to high-

throughput low-cost phenotype-based screens in mammalian
cells.

Materials and Methods

Microarray Printing and Reverse Transfection. Transfection mixes

containing DNA reporter vectors (500 ng) plus shRNAs (1 pig)

or siRNAs (200 ng) were printed onto glass slides by using a

previously described "lipid method" (11) with some modifica-

tions. Briefly, nucleic acids were resuspended in 15 jutl of

DNA-condensation buffer (Buffer EC, Qiagen, Valencia, CA)
with a final concentration of 0.4 M sucrose. After two incubation

steps with the enhancer solution and the Effectene transfection

reagent (Qiagen), a lx volume of 0.2% gelatin was remixed with

the solution to complete a transfection master mix of 45 /il. Ten
microliters of this was aliquotted into a 384-well plate for

printing, and the remaining 35 was stored at 4°C for later

assays. Samples were printed onto Corning GAPS II slides with

a PixSys 5500 Robotic Arrayer (Genomic Solutions, Ann Arbor,

MI). Pins transferred the "lipid-DNA" solution to the slide while

touching the surface of the slide for 500 ns. To ensure enough
printed area to contain several hundred cells, we printed in close

proximity nine spots forming a 3 X 3 square. After printing, the

nine spots fuse together forming a bigger single dot with a

diameter of ^400-500 /xm. To prevent contamination after

printing, the slides were dried overnight at room temperature in

a tissue culture hood.

To perform the reverse transfection, one spotted array was
placed inside a 10-cm tissue culture dish and 15 ml of media
containing cells at a concentration of 1 x 106 per milliliter was
added into the dish taking care not to disturb the printed surface.

Cells were incubated for 60 h without media change before

analysis of the results (Fig. 1).

Reporter Assays. One hundred sixty dots containing a dual

reporter vector expressing GFP/dsRed fluorescent proteins (gift

of Alia Karpova, Cold Spring Harbor Laboratory) and individual

shRNAs were printed. All shRNA were part of a library of U6
polymerase III promoter-driven hairpins (28). Four groups of

experiments with 40 dots (each) were printed: the first group
contained only dual reporter vector, the second group contained

the reporter vector plus an shRNA or siRNA against firefly

luciferase (Ff shRNA and Ff siRNA), the third group contained

This paper was submitted directly (Track II) to the PNAS office.
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Fig. 1. Outline of the protocol used to perform reverse transfection on a

glass slide. Transfection mixescontaining gelatin were spotted on GAPS II glass

slides with a PixSys 5500 Robotic Arrayer to form a 3 x 3 square. Dried slides

were put inside a 10-cm tissue culture dish, and medium with cells was added

to the dish. After incubation, groups of transfected cells could be detected

inside the spotted transfection mixes.

the reporter vector plus a shRNA or a siRNA against GFP that

has no effect in the expression level of the protein (GFP
shRNA-1 and GFP siRNA-1), and the last group contained the

reporter vector plus a shRNA that reduces by 90% the GFP
signal when tested in culture plates (GFP shRNA-2 and GFP
siRNA-2).

Several cell lines were tested for transfection, NIH 3T3,

IMR90/E1A, HeLa, and HEK 293T. To test the stability of the

printed array, we repeated the assay at different time points after

printing, day 0, 1 week, 2 weeks, 4 weeks, and 2 months. For
testing the stability of the transfection master mix, we stored the

solution at 4°C and then printed new slides and assayed them at

the time points described above.

Proteasome-Mediated Proteolysis Assays. Thirty shRNAs targeting

different proteasome subunits were printed in triplicate. Every

dot harbored an shRNA-expression vector, a plasmid expressing

dsRed (dsRed N-l, Clontech), and a vector encoding a protea-

some fluorescent reporter (ZsProSensor, Clontech). This re-

porter encodes a fusion protein that has been engineered to show
varying levels of expression depending on the status of the

proteasome pathway. Every transfection master mix contained

400 ng of dsRed vector, 100 ng of ZsProSensor, and 1 /ug of

shRNA plasmid. Twenty micrograms of total protein lysates was
used for Western blot analysis. Rabbit anti-PSMC-6 subunit of

the proteasome (Affinity, Biomol, Plymouth Meeting, PA),

rabbit anti-ubiquitin (StressGen Biotechnologies, Victoria, Can-

ada), and mouse anti-j3-actin (United States Biological, Swamp-
scott, MA) antibodies were also used in these studies.

Cytokinesis Defect Assays. Eight shRNAs targeting the motor
protein Eg5 were printed (10 replicas each) together with a

vector encoding an a-tubulin-GFP fusion protein (GFP-tubulin,

Clontech). Every transfection mix contained 1 peg of Eg5 hairpin

and 500 ng of the fluorescent fusion protein expression plasmids.

For immunofluorescence studies, we printed a replica slide

where the transfection mix contained 500 ng of the dsRed
reporter instead of the GFP-tubulin. Cells were stained by using

standard methods with small variations. After incubation of the

slides for 60 h the cells were fixed with paraformaldehyde for 10

min, washed very gently, and permeabilized with 1% Triton

X-100 in PBS for 15 min on ice. Only one 15-min wash was
performed to avoid washing away the cells. Mouse anti-a-tubulin

(Sigma) was used in this study. Hoechst dye was included in the

last wash to visualize the chromosomes.

Ninety-Six-Well Plate Analyses. All RNAi microarray results were
validated by using cells transfected in 96-well tissue culture

plates. Cells were transfected with LT-1 (Mirus, Madison, WI)
according to the manufacturer's instructions at 50-70% conflu-

ence. The plasmids containing appropriate constructs were
cotransfected, keeping the same ratios used in the arrayed slides

but with a total mass of 100 ng ofDNA for each transfected well.

Again, results were analyzed after 60 h of incubation.

Results

Targeting Reporter Genes in Situ by Using siRNAs. Given previous

successes in ectopically expressing genes by reverse transfection

(1 1), we hoped that similar approaches could be coupled with the

use of RNAi to produce knockdown phenotypes. Therefore, we
began by testing the ability of siRNAs to be deposited on a

microarray as lipid-RNA complexes and to cause sequence-

specific silencing in cells grown on the arrays. We began by
testing the ability of siRNAs to silence a co-delivered, ectopic

marker. For convenience, we used GFP to enable both trans-

fection and silencing to be scored by visual inspection. Because
GFP was the siRNA target, we also included a plasmid that

directs the expression of a second fluorescent protein (dsRed) to

allow us to verify that siRNAs specifically silenced GFP expres-

sion rather than simply interfered with transfection.

Several siRNAs homologous to the GFP coding sequence

were mixed with plasmids encoding GFP and dsRed. Nucleic

acids were combined with a variety of lipid reagents [LT-1 or

TKO (Mirus) and Effectene (Qiagen)], and the lipid-nucleic

acid complexes were spotted onto glass slides. We found that

Qiagen reagent performed best, giving optimal transfection of

both DNA and RNA in this experiment. GFP siRNAs that had
been previously identified as an efficient suppressor of the

expression of the fluorescent protein in standard transfections

(GFP siRNA-2) also showed potency on the spotted array.

Ineffective siRNAs (GFP siRNA- 1) or unrelated siRNAs (Ff

siRNA) did not produce any effect on GFP expression levels

either in standard transfections or on microarray slides (Fig. 2A).

Targeting Reporter Genes in Situ by Using shRNAs. The aforemen-

tioned studies demonstrated that an RNAi response could be
initiated by in situ transfection of siRNAs on glass-slide microar-

rays. As stated above, RNAi can also be initiated in mammalian
cells by transfection ofDNA expression constructs that direct the

synthesis of shRNA sequences. We therefore tested the possi-

bility that a slide printed with a transfection mix containing an

shRNA-expression construct that targets a specificmRNA could

initiate a specific silencing response in in situ transfected cell

clusters. As a first step, we again tested our ability to down-
regulate the expression of GFP. Spots were printed as described

above. In every cell cluster, the GFP level reported specific

RNAi-mediated suppression and the dsRed level again acted as

a transfection control.

As expected, none of the spots containing the reporter vector

alone, the reporter plus a control shRNA, targeting firefly

luciferase, or the reporter plus GFP shRNA- 1, an ineffective

shRNA, showed any reduction in the expression of GFP. In

contrast, all spots harboring the GFP shRNA-2, an active

shRNA, presented a strong attenuation of the GFP signal while

maintaining unaltered levels of dsRed protein (Fig. 2B). It is

worth noting that all suppressed samples showed a similar degree

of attenuation of GFP and a very similar percentage of trans-

fected cells, revealing a high degree of consistency from spot to

spot.

We next asked whether the in situ RNAi procedure could be
applied broadly by examining the response of a number of

different cell lines in an arrayed format. These included trans-

formed and nontransformed cells lines, fibroblasts and epithelial

cells, and lines from mouse and human. Of those tested, HEK
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A siRNA - Ff GFP-1 GFP-2

DsRed

GFP

B shRNA - Ff GFP-1 GFP-2

DsRed

GFP

Fig. 2. The GFP reporter is specifically suppressed by RNAi in 293T cells

incubated for 48 h on a printed glass slide. (A) Printed spots contained a vector

expressing GFP and dsRed reporters and individual siRNAs targeting different

sequences (as indicated): no siRNA (—), Ff, siRNA-1 (GFP-1), and siRNA-2

(GFP-2). (fi) Printed spots contained a vector expressing GFP and dsRed report-

ers and individual shRNA expression plasmids targeting different sequences

(as indicated): no hairpin (-), Ff, hairpin 1 (GFP-1), and hairpin 2 (GFP-2).

Control spots harbored siRNA or an shRNA-expression vector against Ff, GFP-1,

or no added RNAi inducer (mock).

293T cells showed the highest efficiency. IMR90/E1A, NIH 3T3,

and HeLa cells showed lower efficiency (20-50%) than 293T
(data not shown). Our results indicate that by varying the lipid

and nucleic acid content of the spot, many different cell lines can

be used. However, for convenience, we performed the remain-

der of our assays with HEK 293T.

We also examined the stability of slides spotted with lipid/

shRNA mixtures and with lipid/siRNA mixtures. We printed

replica slides and compared both transfection efficiency and

silencing efficiency at various time points. We did not observe

any reduction in the performance of the shRNA arrays after 1

week, 1 month, or up to 2 months of storage at 4°C. In contrast,

siRNA printed slides showed more variability, and unclear

results were obtained after 2 weeks of storage.

An in Situ Assay for Defects in Proteosome Function. The need to

locate transfected cells to score phenotypes on the array led to the

consideration of phenotypic assays that depended on the expression

of a fluorescent, exogenous reporter gene. The basic idea, a

variation of the validation experiments described above, was to

include in the transfection mix a plasmid harboring a fluorescent

reporter that is differentially expressed (at higher or lower level) in

cells in which RNAi has been used to alter the function of a specific

pathway. To test this approach, we focused on protein half-life as a

determinant of steady-state expression levels. A variety of motifs

have been found to confer a short lifetime on cellular proteins.

So-called PEST sequences are rich in the amino acids Pro (P), Asp,

Glu (E), Ser (S), and Thr (T), which occur in internal positions in

the sequence. Proteins containing PEST sequence elements are

rapidly targeted to the 26S proteasome for degradation (12).

The mouse ornithine decarboxylase (MODC) has an ex-

tremely short half-life (13). MODC degradation is mediated by

an internal domain, called MODC-d410, that contains several

Fig. 3. (A) Different levels of ZsGreen protein accumulation detected in the

RNAi microarray. (fi) HEK 293T were incubated with individual hairpins tar-

geting the expression of different proteasome subunits. A Western blot shows

specific inhibition of ATPase-6 shRNA. Firefly shRNA was used as control. (O
Anti-ubiquitin Western blot showing accumulation of polyubiquitinated pro-

teins in treated cells.

PEST motifs. This functional motif is transferable, decreasing

greatly the stability of proteins to which it is fused (14, 15). This

property has been exploited to create commercially available

reporter systems in which MODC-d410, appended to a fluores-

cent protein, creates a fusion that can indicate the integrity of the

proteosome in living cells.

We chose to analyze the expression level of a commercially

available reporter consisting of a green fluorescent protein

(ZsGreen) tagged on the carboxyl-terminus with the MODC-
d410 domain (ZsProSensor, Clontech). We recently screened

a library of 7,000 individual shRNAs for the ability to antag-

onize proteosome function in a 96-weIl plate format (28).

Roughly one-quarter of primary positives targeted proteosome
subunits. Putative positives from that screen were used on
microarrays to validate the in situ approach and to compare the

sensitivity of array-based assays to those carried out in 96-well

plates. Based on these previous studies, thirty different hair-

pins targeting proteasome subunits were deposited, each in

individual spots, together with the destabilized green reporter

and a dsRed vector. As in previously described experiments,

dsRed served as transfection control.

After 24 h of incubation we observed higher levels of ZsGreen
protein in several dots containing proteasome shRNAs com-
pared to control shRNAs, whereas no changes were observed in

the intensity of the red fluorescent protein. During the following

48 h the green fluorescent signal gradually increased in these

positive spots, achieving maximum intensity after 60-72 h. We
identified clear differences in the accumulation level of the

reporter in spots containing proteasome shRNAs compared with

nonproteasome hairpins. Interestingly, the most intense signals

were revealed from spots containing shRNAs that target sub-

units of the 19S base (Fig. 14).

To confirm that the increased expression of the reporter was

associated with alterations in proteasome function, we verified

that cells transfected with a hairpin against the ATPase subunit

6 indeed showed a specific reduction of the targeted protein. As
expected, Western blot analysis of transiently transfected 293T
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shRNA Ff

a-tubulin-

GFP DAP1 MERGE

ShRNA Eg5

Fig. 4. Cytokinesis defects induced by Eg5 shRNAs. (Upper) Sample of normal

mitotic metaphase detected in a dot containing firefly (control) shRNA.

(Lower) Two typical "rosette" phenotype found in a printed spot containing

the shRNA-7 against the motor protein Eg5.

cells with the ATPase-6 shRNA-1 showed a specific reduction in

the level of the targeted protein (Fig. 3B),

It has been shown previously that in cells in which the normal

function of the proteasome is blocked, there is an accumulation

of polyubiquitinated proteins (16, 17). To validate further the

antagonism of proteosome function by RNAi, we examined the

level of polyubiquitinated proteins. Indeed, analysis of bulk

ubiquitinated proteins by Western blotting with a ubiquitin

antibody revealed an increase in these normally unstable species

in cells treated with proteasome shRNAs compared with con-

trols (Fig. 3C).

A Screen for Alterations in Cell Cycle Control: Cytokinesis Defects. The
aforementioned screen was amenable to the use of microarray

scanners to score positives by their ratio of fluorescent signals.

To examine the suitability of this approach for other types of

screens, we performed a live-cell microarray assay to identify

cytokinesis defects induced by RNAi. As a reconstruction ex-

periment, we knocked down the mitotic motor protein Eg5,

because cytokinesis defects in cells where Eg5 function is

inhibited are well established (18, 19).

The mitotic spindle, which consists of a dynamic array of

microtubules and associated proteins, is responsible for segre-

gation of chromosomes during mitosis. Studies using immu-
nodepletion (20, 21) of the motor kinesin Eg5 or with the specific

inhibitor monastrol (18) have revealed that inhibition of the

normal function of this protein causes a defect in spindle

formation. Initially, a defect in centrosome separation causes the

assembly of monopolar spindles, and eventually, aberrant struc-

tures form that look like "rosettes" of microtubules with DNA
at the periphery.

Based on the expectation of this typical morphology, we printed

DNA-lipid complexes containing individual shRNAs targeting Eg5

on microarray slides. Transfection mixes also contained a plasmid

encoding an a-tubulin GFP fusion protein. In this array, the GFP
fusion protein identifies the cells that have been transfected and

allows visualization of microtubules. Additionally, when the mi-

croarraywas scored, Hoechst 33342was added to the media to allow

visualization of chromosomes. The analysis of the array revealed

two hairpins that produced cells displaying the characteristic "ro-

sette" pattern (Fig. 4). We did not observe this phenotype in any of

the spots containing control shRNAs. This phenotype was also

observed when shRNAs targeting Eg5 were tested in a 96-well plate

format and was similar to the phenotype obtained after Eg5
inhibition by monastrol (data not shown).

The use ofvectors harboring reporters or fusion proteins is a very

convenient approach to identify abnormal phenotypes by in situ

transfection. However, appropriate reagents will not be easily

available for all interesting phenotypes. For this reason, we asked

whether it was possible to identify Eg5 suppression phenotypes by

the conventional technique of immunofluorescence (IF). A replica

of the Eg5 glass slide, in which the a-tubulin fluorescence reporter

was replaced by dsRed, was stained with a standard IF protocol. We
find that we could easily identify cytokinesis defects produced by

the same shRNAs identified with the a-tubulin GFP protein by

using this methodology (data not shown).

Discussion

Genomewide analyses of loss-of-function phenotypes in mammals,
similar to classic genetic studies in yeast, were very difficult, if not

impossible, only a few years ago. However, over the last several

years RNAi has emerged as a powerful approach for manipulating

gene expression in mammalian cells, opening the door to the

execution of such screens. High-throughput RNAi analyses have

previously been used to study gene function in D. melanogaster and

C. elegans. For example, essential genes (22), G protein-coupled

receptors (GPCRs) (23), fat regulatory genes (24), and genes that

regulate lifespan (25) have been functionally analyzed by this

approach. Unfortunately, similar studies in mammals still represent

a technological challenge. In part, limitations occur because of the

cost of the RNA species themselves and the cost of introducing

these species (siRNA and shRNA) into mammalian cells. Addi-

tionally, the use of a large-scale analysis in any system is limited by

the screening methodology.

Here we validate the use of a cost-effective high-throughput

procedure for RNAi-based screens in mammalian cells. This

procedure is based on methodologies developed by Sabatini and
colleagues (11) for creating high copy suppression phenotypes by

"reverse transfection." This allows for the cost-effective use of

materials, both the nucleic acids themselves and tissue culture

reagents. We estimate that between 100 and 500 reverse trans-

fections can be done with the materials required for a single

transfection in a well of a 96-well plate. Additionally, thousands

of samples can be printed in parallel on a glass-slide microarray,

reducing the time and cost associated with maintaining cultures

and analyzing phenotypic outputs. Finally, as previously de-

scribed, printed slides can be stored for several months without

losing potency (11).

By comparing results obtained by initiating RNAi in situ on
microarrays to screens conducted in 96-well plates, we find that the

arrays compare favorably to standard methods for both sensitivity

and specificity. In agreement with our data, two recent papers have

reported that RNAi could be initiated on printed slides to inhibit

the expression of a co-delivered marker gene (26, 27). Our study

extends these results by showing that a similar procedure can be
used to silence endogenous genes to create RNAi-induced pheno-

types relevant to two independent biological pathways.

Firstly, we designed an assay to study proteosome-mediated
degradation. As predicted, when subunits of the 26S proteasome
were targeted by shRNAs, we could clearly identify accumula-

tion of an engineered protein that is normally degraded by the

proteasome pathway. We showed that proteolytic defects were
due to specific suppression of the targeted 26S subunits and
demonstrated that cellular levels of the natural proteasome
substrates (ubiquitinated proteins) were affected in the same way
as the fluorescent reporter. In a second study, we analyzed the

effect produced by loss of kinesin Eg5 as model for cytokinesis

defects. After targeting with Eg5 shRNAs, we could reproduce

the expected aberrant spindle morphology in a printed slide

format, while no changes were observed in control spots.

Here, we demonstrate the feasibility of using printed arrays of

siRNAs and shRNAs for highly parallel phenotype analysis in

living cells. This approach is flexible and provides low-cost

alternatives to similar screens carried out in multiwell plate

formats. As large libraries of shRNAs become widely available
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(28, 29), the techniques described herein will become a powerful

approach to genetic analysis in mammalian cells.
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Loss-of-function phenotypes often hold the key to understanding the

connectivity and biological functions of biochemical pathways. We and
others have previously constructed libraries of short hairpin RNAs
(shRNAs) that allow systematic analysis of RNAi-induced phenotypes in

mammalian cells. Here we report the construction and validation of

second-generation shRNA (shRNAmlr
) expression libraries that have been

designed based on an increased knowledge of RNAi biochemistry. In these

improved reagents, silencing triggers have been designed to mimic a

natural microRNA primary transcript, and each target sequence has been
selected based on thermodynamic criteria for optimal small RNA
performance. Biochemical and phenotypic assays have indicated that the

new libraries are substantially improved compared to first-generation

reagents. We have generated large-scale arrayed, sequence verified

libraries comprising more than 125,000 shRNAmir
expression plasmids,

covering 2/3 of all predicted genes in the human and mouse genomes.
These libraries are presently available to the scientific community.
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Introduction

Most eukaryotic cells harbor a natural response to double-stranded RNAs
(dsRNA) that inhibits gene expression in a sequence-specific manner 1

. DsRNA
silencing triggers are processed into small RNAs (siRNAs and miRNAs) that

engage the RNA-induced silencing complex (RISC) to suppress expression of

homologous targets. In cases in which the small RNA is perfectly complementary

to the target, that RNA is cleaved and ultimately destroyed
1

'
2

. This pathway,

known as RNA interference (RNAi), has been exploited in organisms ranging

from plants to fungi to animals for deciphering gene function through suppression

of gene expression. Particularly in systems where targeted genetic manipulation

is difficult or time consuming, RNAi has transformed the way in which gene
function can be approached on a single gene or genome-wide level

3~7
.

In mammals, RNAi can be initiated in several ways. First, RNA molecules

can be produced chemically
8
or enzymatically in vitro

9-12
and delivered to a cell.

The most prevalent method of triggering RNAi is the delivery of one or more
small interfering RNAs (siRNAs). SiRNAs are duplexes of -21-22 nucleotides in

length that bear two nucleotide 3' overhangs. One strand of the siRNA is

incorporated into the effector complex of RNAi, the RNA-induced Silencing

Complex, RISC, through the action of a RISC Loading Complex, RLC. Once in

RISC, the siRNA guides substrate selection via base pairing to its

complementary target
1

*
2

.

At the heart of RISC is an Argonaute protein
13

, which directly contacts the

siRNA 14
. When the mRNA is engaged by this complex, the siRNA-mRNA

interaction places the target in the correct alignment with the nuclease active site

or "slicer" within the Argonaute PIWI domain, and the target is endonucleolytically

cleaved
15"17

.

The RNAi machinery can also be programmed by endogenous sources of

double-stranded RNA. The most well characterized source of endogenous
triggers for the RNAi machinery are the microRNA genes 18,19

. It was initially

assumed that microRNAs were transcribed from the genome as short, hairpin

RNAs 20
that were directly processed by Dicer to yield the mature small RNAs

that enter RISC 21 ~24
. Over the past year, however, a different picture has

emerged. Numerous studies have now demonstrated that, in animals, miRNAs
are transcribed by RNA polymerase II to generate long primary polyadenylylated

RNAs (pri-miRNAs)
25,26

. These primary transcripts probably adopt a complex
secondary structure and fold, in the areas that harbor the mature microRNA
sequences, into double-stranded RNA hairpins. Through mechanisms not yet

fully understood, the pri-microRNA is recognized and cleaved at a specific site by

the nuclear Microprocessor complex
27-31

. This contains an RNase III family

enzyme, Drosha, that cleaves the hairpin to produce a -70-90 nucleotide

microRNA precursor (pre-miRNA) with a 2 nucleotide 3' overhang
27

. This

distinctive structure signals transport of the pre-miRNA to the cytoplasm by a

3



mechanism mediated by Exportin-5 '
. Only then is the pre-miRNA recognized

by Dicer and cleaved to produce a mature microRNA. This probably involves

recognition the 2 nucleotide 3' overhang created by Drosha to focus Dicer

cleavage at a single site ~22 nucleotides from the end of the hairpin
14,34

.

Mature miRNAs are superficially symmetrical, with 2 nucleotide 3*

overhangs at each end having been generated by Drosha and Dicer,

respectively. However, the individual strands of the mature miRNA enter RISC in

an unequal manner. As with siRNAs, the thermodynamic asymmetry of the Dicer

product is sensed such that the strand with the less stable 5' end has a greater

propensity to enter RISC and guide substrate selection
35,36

. This observation of

thermodynamic asymmetry within small RNAs led to the development of rules for

predicting effective siRNA sequences that have greatly improved the efficiency of

those RNAs as genetic tools.

Previously, several groups, including our own, described the design and
construction of arrayed short hairpin RNA (shRNA) libraries that covered a

fraction of human genes 37,38
. At the time when these tools were developed, our

knowledge of microRNA maturation was relatively incomplete. This led most
groups to the notion of expressing a simple hairpin RNA that mimicked the pre-

miRNA. As our knowledge of the microRNA processing pathway and our

understanding of strand preferences for RISC loading have grown, it seemed
prudent to reevaluate whether the performance of encoded triggers of the RNAi
pathway might be improved by remodeling a primary miRNA transcript to

experimentally alter its targeting capability. Indeed such strategies have
previously succeeded in both plants and animals

39,4°.

Here we report the construction of a new generation of shRNA libraries

(shRNAmir
) that takes into consideration our advancing understanding of

microRNA biogenesis. In these constructs, the shRNA is harbored within the

backbone of the primary mir-30 microRNA. This natural configuration proved to

be up to 12 times more efficient in the production of the mature synthetic miRNAs
than the previous design. Additionally, we have biochemically characterized

processing of these synthetic microRNAs, allowing us to predict the exact, single

mature small RNA product that will be generated from each vector. This has
allowed selection of target sequences that maximize efficiency by directing

preferential incorporation of the correct strand into RISC. Using these criteria,

we have produced and sequence-verified more than 125,000 shRNAs covering

2/3 of the predicted genes in the mouse and human genomes. We have
assayed a selected subset of shRNAs from the library for their ability to knock-

down the expression of targeted genes by quantitative RT-PCR. We have also

tested this set in a phenotypic assay and compared the performance of the first-

and second-generation library designs. Overall, the shRNAmir
libraries that we

describe here provide a convenient, flexible and effective tool for studying gene
function in human cells. Additionally, they, for the first time, extend the possibility

of large-scale RNAi screens to mouse systems.
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Results

Design and construction of second generation shRNA libraries

We have previously shown that expression of a simple, 29 basepair (bp)

hairpin from a U6 snRNA promoter can induce effective suppression of target

genes when delivered either transiently or stably from integrated constructs

(Westbrook et al.
f
in press)

37,41
. We also found that longer hairpin structures

were more effective inhibitors of gene expression than were shorter structures

with stems of 19-21 nucleotides. All of these constructs, however, were
designed, based upon our understanding of miRNA biogenesis at that time, to

express a pre-miRNA hairpin, an intermediate in microRNA biogenesis, rather

than a transcript that closely resembles a primary microRNA. Cullen and
colleagues had previously shown that effective suppression could be achieved by

redesigning an endogenous microRNA, miR-30, such that its targeting sequence
was directed against a reporter gene 39

. We sought to compare directly the

abundance of small RNAs produced from vectors with simple hairpin structures

to those that more closely resemble a natural microRNA. Since it had been
previously shown that the efficient ectopic expression of endogenous microRNAs
requires substantial flanking sequence

42
, we developed a vector in which

sequences from a remodelled miR30 are flanked by -125 bases of 5' and 3'

sequence derived from the primary transcript. Incorporation of appropriate

cloning sites into this vector required altering only 3 positions in the precursor.

This cassette was inserted into a vector equivalent to that in which we
constructed our first-generation shRNA library (pSM1), with the new shRNA
vector being designated, pSM2. To distinguish the second-generation shRNAs
from those in our first-generation library, we have dubbed these shRNAmir

.

To test the performance of pSM2 in comparison to pSM1 , we used both

vectors to express a sequence targeting firefly luciferase. The sequence was
inserted such that an identical mature small RNA would be generated from each
construct following processing in vivo (Fig 1a). Of primary concern was the

overall amount of mature small RNA that would be generated from each
construct. This was critical as dose-response experiments for shRNAs indicate

that suppression correlates very well with the amount of RNA delivered
34

,

particularly at the relatively low doses that are expected to be achieved by

expression from transfected or integrated constructs as compared to directly

transfected synthetic RNAs. We transfected pSM1-luc and pSM2-luc into 293
cells, prepared RNA and assayed the processed small RNA by northern blotting.

Cells transfected with pSM2-luc contained roughly 12-fold more of the small RNA
than did cells transfected with pSM1-luc (Fig 1b).

As it is now clear that primary microRNAs are transcribed mainly by RNA
polymerase II

25,26
, we wished to compare the performance of shRNAmir

s driven

by a variety of different promoters. We therefore cloned two different shRNAm,r
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cassettes targeting firefly luciferase downstream of three different RNA
polymerase III promoters (tRNA-val

43
, U6

41 and H1
44

) and two different RNA
polymerase II promoters (MSCV-LTR and CMV 45

). These constructs were each

prepared in a plasmid backbone that carried no other mammalian promoter.

Each was transfected in combination with a homologous target expression

plasmid encoding firefly luciferase and with a non-targeted reporter plasmid,

encoding Renilla luciferase, as a means of normalization. We compared the

performance of these plasmids in a five different cell lines including three from

human (HEK-293T, MBA-MD-231, HCT-116), one from mouse (NIH-3T3) and
one from dog (MDCK). When the ability of these constructs to suppress the

luciferase target was compared using a very efficient shRNAmir
(Iuc1309), we saw

virtually no difference in the performance of the various promoters (Fig 1c).

However, when a less efficient shRNAmir
(Iuc311) was used, differences became

apparent (Fig. 1c). In this, and numerous experiments with other shRNAs (not

shown), the U6 snRNA and CMV promoters gave the best and most consistent

repression. The MSCV LTR, tRNA val and H1 promoters worked less efficiently

overall. Based upon these studies, we chose to retain the U6 snRNA promoter in

our base library vector, pSM2. It is important to note that all of our studies have
been carried out in transient assays. In situations in which constructs are stably

integrated into the genome at single copy, different configurations of promoters

and flanking sequences perform more efficiently than U6 (see accompanying
paper by Dickins et al., and Stegmeier et al., submitted).

Based upon these tests we constructed our second-generation shRNA
library vector, pSM2, as shown in figure 2a. The shRNAmir

expression cassette is

carried within a self-inactivating murine stem cell virus. Expression of the small

RNA is driven by the U6 snRNA promoter. As with the first-generation shRNAs,
a U6 snRNA leader sequence lies between the promoter and the 5' end of the

miR-30 flanking region. Synthetic oligonucleotides encoding shRNAs are

inserted into Xhol and EcoRI sites that lie within the miR-30 primary microRNA
sequences. Immediately following the miR-30 cassette in each vector is a RNA
polymerase III termination signal and a randomly generated 60 nucleotide

barcode region to facilitate tracking of individual hairpin RNAs in complex
populations. This feature is similar to that described for our first-generation RNAi
library. The pSM2 vector is also designed such that inserts can be moved by an
in vivo recombination strategy (MAGIC) 46

. Key elements of this feature are the

presence on the plasmid backbone of a protein-dependent origin of replication,

RK6y and a transfer origin (oriT) that is dependent upon a complementing locus

in the host cells. To permit recombination into the recipient plasmid, the

shRNAmir
cassette is flanked by l-Scel restriction sites which, when cut in the

recipient strain, reveal homology regions for recombination into the recipient

plasmid. One key difference between in the second-generation shRNA libraries

is that the 5' homology region is the miR-30 flanking sequence itself rather than

an artificial sequence. Thus, in the second generation libraries, the shRNA
cassette is transferred without the U6 snRNA promoter. This allows the

construction of mating recipients that contain inducible or tissue specific
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promoters (Stegmeier et al., submitted). Finally, the pSM2 vector can be

selected for integration into target cells using a puromycin selection marker.

Six different shRNAmir
sequences were designed for each of 34,71

1

different known and predicted human genes and 32,628 mouse genes. In each

case, shRNAs were designed such that the mature small RNA generated from

each construct followed thermodynamic asymmetry rules that have been

successfully applied for the design of siRNAs. This was possible because
through a series of in vitro and in vivo primer extension experiments, we have

mapped the precise cleavage sites used by Dicer and Drosha in transcripts

generated from the pSM2 vector. This enabled us to predict precisely the small

RNA that will be generated from our primary transcript (not shown).

Construction of the library proceeded stochastically using a highly parallel

in situ synthesis approach for oligonucleotide production (Figure 2b). Groups of

-22,000 oligonucleotides, each containing a different shRNAmir
cassette were

synthesized on glass-slide microarrays
47

. Populations were eluted from the

arrays and amplified by PCR. In order to insure efficient cloning, the pSM2
backbone was inserted into a lambda phage backbone such that it was flanked

by loxP sites. X-pSM2 contains unique Xhol, EcoRI for subcloning amplified

hairpins and unique Fsel and Avrll sites for insertion of bar code 60mers. X-

pSM2 was first barcoded with a mixed library of random 60 nucleotide sequences
amplified with a primer set which included one primer with an Fsel site and one

primer with a T7 promoter followed by the Avrll site. Amplified barcoded A,-pSM2

libraries were lysogenized into a strain we constructed for this purpose,

DHIOPXkp, which has a wild-type pirl gene and the lambda repressor, c/, to

allow X-pSM2 to replicate as a 42 kb plasmid. Approximately 10
8 CmRKmR

lysogens were selected and served as a bar coded library pool. Bar coded X-

pSM2 was CsCI purified, then cleaved with EcoRI and Xhol before being ligated

to gel purified EcoRI -Xhol cleaved pooled shRNAmir
inserts from an individual

chip and packaged. Average library sizes were -5x1

0

7
. To generate pSM2

library plasmid pools, the phage were used to infect an E. coli strain we
constructed, BUN25, that expresses both Cre recombinase and the pir1-116

gene, needed for high copy RK6y replication. Pooled plasmid libraries were then

transformed into a mating competent host strain (BW F'DOT) and individual

clones were sequenced at random. Clones with perfect inserts represented

between 25 and 50% of the population, and these were selected and saved as

an arrayed set. Accumulation of new clones from each pool was monitored

dynamically and once a pool began to yield fewer unique clones per sequencing

run, sequencing was halted and the pool was resynthesized without those

sequences that had already been obtained. Approximately 70 chips were
reiteratively synthesized to maximize unique sequencing. Also, once 3 or more
verified shRNAs were obtained for any given gene, the remaining shRNAs
targeting that gene were also withdrawn from population selected for resynthesis.

7



To date, we have sequence verified 71,463 shRNAs targeting 28,371

human genes and 56,189 shRNAs targeting 25,831 mouse genes. A tabulation

of coverage within selected functional groups can be found in Table 1 for the

mouse and human libraries. The ultimate goal is to generate 3 shRNAs for each

target locus. Existing, sequence-verified shRNAs for human are listed in

supplementary table 1, and verified mouse shRNAs are listed in supplementary

table 2. The full collection, updated dynamically, can be accessed at

http:Wcodex.cshl.edu.

Validation of the second-generation shRNA libraries

To test the efficiency of the second-generation shRNA libraries, we took

an approach that we had previously used to assess the performance of the first

generation reagents
37

. A green fluorescent protein (ZsGreen) reporter harboring

the PEST domain of the mouse ornithine decarboxylase is normally degraded by

the proteasome
48

. Thus, cells harboring a destabilized ZsGreen expression

plasmid show very low levels of fluorescence. Interference with proteasome

function, for example using a synthetic proteasome inhibitor, causes
accumulation of the protein and a corresponding increase in fluorescence. The
protein can also be stabilized by suppression of any gene required for

proteasome function. Thus, co-transfection of the reporters with an shRNAmir

expression plasmid can reveal whether a target protein is involved in the

proteasome pathway (Fig. 3a). Using this assay as a primary test we compared a

series of shRNAs targeting proteasomal subunits that were obtained from either

the first- or second-generation libraries (figure 3b).

We chose a total of 53 shRNAs targeting 13 different genes that were
known to be involved in proteasome function (Fig 3b). 24 were from the first-

generation library and 29 were from the second-generation library. These were
co-transfected with the reporter in combination with a dsRED-encoding plasmid

that allowed normalization of the transfections. It was immediately apparent that

the second-generation shRNAs performed substantially better than the first-

generation shRNAs. We noted that most of the plasmids derived from the

second-generation library were as potent as the best shRNAs that had been
selected from a screen of the first-generation library.

To gain a more detailed picture of the performance of the second-

generatipn libraries, we compared results from the proteasome assay for 36
shRNAmir

expression plasmids to suppression of target RNAs as measured by

semi-quantitative RT-PCR. Plasmids were transfected into HeLa cells with

approximately 80% efficiency, as measured by reference to a co-transfected

reporter plasmid. Despite this incomplete transfection, all but 6 of the shRNAmir
s

reduced the levels of their target RNAs by -60% or more with 13/36 of the

shRNAm,r
s suppressing their targets by the theoretical maximum of -80% (Fig.

3c, upper panel). Similar results were seen with an additional 12 shRNAs that

did not target proteasome subunits (not shown). These studies were also
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illuminating, as they revealed that the functional assay in some cases, e.g.,

pSMB3, did not show a large activation of the reporter despite substantial

suppression of the targeted mRNA (Fig 3c, lower panel). Thus, the functional

assay underestimated slightly the efficacy of the library.

To test the performance of the library on a larger scale, we assayed a set

of 515 kinase shRNAs that contained within it 47 hairpins directed to proteasome

subunits using the phenotypic assay for proteasome function via a high-

throughput protocol in 96-well plates (Fig. 4). In this context, 34/47 shRNAs
targeting the proteasome scored as positives (72%) as compared to 10 shRNAs
that had not previously been linked to proteasome function (1.9%). A secondary

screen of those 44 potential positives from the primary screen again revealed

positive signals from all 34 proteasomal shRNAs. However, only 5/10 of the non-

proteasomal RNAs continued to activate the reporter (Supplementary table 3).

Discussion

Since the discovery that an RNAi pathway was conserved in mammals,
the exploitation of this silencing response as a genetic tool has evolved in

concert with our deeper understanding of its biochemical mechanism. The initial

applications of siRNAs as triggers of the silencing response required

comprehension of the way in which Dicer processes long dsRNA substrates in

Drosophila
49

. Similarly, studies of dicer-mutant C. elegans demonstrated that

endogenous loci could encode triggers of the RNAi machinery, and this led to the

notion that such loci could be altered to target genes for experimental silencing
21 "24

. At the time when the first such experiments were done, the nature of the

primary microRNA transcript was unknown. Indeed, it was suspected that small

RNAs were transcribed from the genome as short hairpin precursors, pre-

miRNAs that were converted to mature small RNAs by Dicer cleavage. What
has recently become clear is that pre-miRNAs are simply a processing

intermediate, generated by cleavage of a longer primary transcript (pri-miRNA)

by the Microprocessor
27~31

.

Many strategies have been developed for producing miRNA-like triggers

of the RNAi pathway. However, few studies have compared the many technical

approaches to encoded RNAi triggers, directly. One impediment to such

comparisons is the lack of an understanding of how each particular construction

gives rise to its small RNA product. As we have mapped the processing sites on

precursor shRNAs and shRNAmir
s, we could directly compare expression levels

and efficacy for triggers carried in pSM1 to those carried in pSM2. We find that

delivery of a primary microRNA expression cassette gives greater accumulation

of mature small RNAs in vivo. Moreover, as we can predict precisely what small

RNA is generated from each shRNAmir
expression vector, we can now apply

siRNA design rules to shRNAmir
expression cassettes. A combination of

increased small RNA production with better shRNA design yielded a pronounced

increase in the performance of these silencing tools.
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Guided by these design strategies, we have constructed large libraries of

sequence-verified shRNAs targeting 2/3 of the known and predicted genes in the

human and mouse genomes. On average, each locus is covered by 2 shRNAm,r
s

presently; however, the ultimate goal is to have 3 sequence-verified shRNAmir
s

for each gene. The second generation libraries resemble those that we have
previously reported in that they reside in flexible vectors that permit shuttling of

shRNAmir
expression cassettes into virtually any desired expression vector using

a bacterial mating strategy
46

. A unique feature of the second generation library

is that the expression cassette can be moved without the need to move also the

constitutive U6 snRNA promoter. This permits large scale construction of

secondary libraries under the control of tissue specific and inducible promoters.

Indeed, regulated expression of our library cassettes from RNA polymerase II

promoters has been shown to effectively suppress gene expression both in

cultured cells and in animals (Dickins et al, see accompanying paper; Stegmeier

et al., submitted). These recipient vectors can be directly used with any shRNAmir

encoded by the library described herein.

The use of large-scale resources for suppressing gene expression via

RNAi promises to revolutionize genetic approaches to biological problems in

numerous model systems. For human cells, both siRNA and shRNA collections

have previously been reported and are, to varying degrees, generally available to

investigators to probe a wide range of biological questions. The libraries

described here should prove useful for assessing the functions of individual

genes and for taking genome-wide approaches. Strategies reported in the

accompanying paper and by Stegmeier and colleagues will permit large-scale

application of these tools for screens which require long-term suppression of

gene expression using single-copy integrants or inducible repression. Thus, we
have produced coherent system of RNAi reagents with utility in both mouse and
human experimental systems.
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Methods

Construction of the lysogenic strain DH10pXKp and excision strain BUN25
DH10P>.kp [mcrA A(mrr-hsdRMS-mcrBC) <j>80 lacZAM15 AlacX74 deoR recA1

endA1 araA139 A(ara, leu)7697 galU galK X rpsL nupG tonA A-pir1-npf\ is a

strain containing Xc\ and the pirl gene that was constructed in order to

lysogenize the XSM2-barcode library prior to introduction of the hairpin

fragments. To generate this strain, A,Kp containing the pirl and KnR
genes was

constructed. To generate Xkp, the pirl gene was amplified from BW23473 using

primers MZL393 and MZL51, and cloned into the pCR2.1 TOPO TA cloning

vector. The pirl gene was excised from the above clone on a BamH1 fragment

and ligated into BamH1 cleaved pSE356, which contains an npt gene and a

BamH\ restriction site flanked by two 1 kb X DNA fragments
50

to generate

pSE356pirWT. The pir1Km
R
fragment was recombined onto wild type X by

amplifying A,on LE392/pSE356pirWT and the resulting phage were collected and

used to infect DH10p. 100 ^il of DH10p cells were infected with 10
6 PFU at 30°C

for 30 minutes in LB + 10 mM MgS04 , diluted with 900 (il of LB incubated at

30°C for 2 h with shaking, and plated on LB containing 50 jig/ml kanamycin at

37°C overnight to select Xkp lysogens. Lysogens were tested for the ability to

lysogenize X vectors containing R6Ky origins of replication as extrachromosomal

elements. A strain capable of doing this was selected and named DHIOp^Kp.

The BUN25 [F' traD36 lacF A(lacZ)M15 proA
+
B
+
le14-(McrA) A(lac-proAB)

thigyrA96 (Nal
r

) endA1 hsdR17 (rk 'mk
+
) relA1 glnV44 A-cre-npt umuC::pir116-Frt

sbcDC-Frf\ strain containing pir1-116 and ere was constructed to allow the

conversion of A,SM2 shRNA libraries into pSM2 shRNA libraries. A PCR
fragment containing pir1-116 gene was generated using primers MZL393 and
MZL51 (see Supplementary table 4), cleaved with BamH1 and ligated into

BamHI-cleaved pUC18 to generate pML284. A fragment containing BsfBI-Frt-

caf-Frt-Atafel (filled-in) was isolated from KD3 51 and inserted into the Smal site of

pML284 to generate pML334. A Hpal fragment containing UmuDC was isolated

from pSE117 and cloned into pBluescript Xho\ (filled in)-EcoRVto generate

pML236. We eliminated one of the SamHI site on pML236 by digesting it with

Pst\-Xba\, filling in with T4 DNA polymerase and ligating. The Frt-cat-Frt-pir116

was isolated from pML334 as a Kpnl-Sacl (filled-in) fragment and ligated into

Mlu\/BamH\ (filled-in) cleaved pML236-ABamHI to generate pML346. The 3.8

kb Kpnl-Sacl UmuDC-Frt-cat-Frt-pir1 16-UmuC fragment from pML346 was
integrated into BNN132/pML104 by homologous recombination using the X
recombinase expressed from pML104, and confirmed by colony PCR. The cat

gene was removed by FLP-mediated excision in vivo using pCP20 52
which

expresses the FLP recombinase to generate BUN24. A cassette that has Frt-

caf-Frt flanked by 50 bp homology to sbcD and 50 bp homology to sbcC was
amplified by primers MZL493/MZL494 and using KD3 as a template. This

cassette was used to replace sbcD and part of sbcC on BNN132 by homologous
recombination and the deletion were confirmed by colony PCR. The strain was
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named BNN132sbcDC-Frt-cat-Frt. We then used a pair of outside primers

(MZL495/MZL496) that gave about 500 bp homology regions to the upstream of

sbcD and 500 bp homology regions to the sbcC to amplify a PCR product form

BNN132sbcDC-Frt-cat-Frt to recombine onto the sbcDC region of BUN24. The
resulting strain was named BUN25 and is used to stabilize inverted repeats in E.

coli
53

Library vector construction

A pair of loxP-A/ofl-loxP duplexed oligos (MZL524/MZL525) were inserted into

the pSM2 BsfXI site to generate pSM2c-loxP. A second pair of duplexed oligos

(MZL541/ MZL542), carrying the proper restriction sites for cloning barcodes into

A,SM2, were inserted into the Bbs\-Mlu\ sites of pSM2c-loxP to create pML375.

AACT2 was digested with A/ofl, and the A, arms were gel purified and ligated to

Not\ digested pML375 to generate XSM2. The ligation mixture was packaged
using MaxPlax™ lambda packaging extracts from Epicentre. We selected a

XSM2 lysogen by infecting 200 jal of BW23473 cell (A60o = ~0.8) with 100 ^il of

XSM2 packaging mix in the presence of 10 mM MgS04 and 0.2 % (w/v) maltose,

incubated at 30°C for 30 minutes the added 900 jal of LB and incubated at 30°C
for 2 hs with shaking to express the CmR

marker, and plated on LB containing 17

ng/ml of chloramphenicol (Cm) at 30°C overnight. The proper recombinants

were confirmed by restriction analysis.

Barcode library construction

The 60 base pair barcodes,

gaagactaatgcggccggcca(n)6ogggccctatagtgagtcgtatta, were amplified using

barcode primer 1 (aaattgcaatgaagactaatgcggccggcca) and barcode primer 2

(atatatggacgcgtcctaggtaatacgactcactatagggccc). The PCR conditions were: 0.1

pmol of barcodes, 50 pmol of each primer, 25 nmol of each dNTP, and 2.5 U of

Taq DNA polymerase; 94°C for 45 seconds, (94°C for 30 seconds, 55°C for 30

seconds, and 72°C for 30 seconds) x 13, 72°C for 10 minutes, 4°C forever. Ten
PCR reactions were pooled together, purified using a QIAquick PCR purification

kit, digested with SamHI, EcoRI, Xho\ and Sail to remove these sites in the

barcodes, and gel purified. The purified barcodes were digested with Fsel and
^vrll and purified using the QIAquick gel extraction kit. Two micrograms of Fsel-

Avh\ digested >.SM2 ligated with 10 ng of Fse\-Avr\l digested barcodes with 1 x

ligation buffer and 0.5 \i\ T4 DNA ligase in a 5 |nl final volume at 16°C overnight.

The ligation mixture was packaged and amplified. The size of the ^SM2-barcode

library was 4.2 x 10
7

. We used 20 ml of DH10pA,KP cells (Aeoo = -1) to lysogenize

2 x 10
9
of XSM2-barcode library as 42 kb plasmids. The cell and the phage were

mixed in the presence of 10 mM MgS04 and 0.2 % (w/v) maltose and incubated

at 30°C for 30 minutes, added 200 ml of LB to recover at 30°C for 1 h by shaking.

The mixture were concentrated by centrifugation at 4000 rpm for 20 minutes,

resuspended in 3 ml of LB, plated on 10 large LB/Cm 17 jug/ml, and incubated at

30°C overnight. The cells were scraped from plates and grown in 3 L of TB
containing 17 ^ig/rnl of Cm overnight. Supercoiled A,SM2-barcode library DNA
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was prepared by cesium chloride,

approximately 30%.
The lysogenization efficiency was

Oligonucleotide Cleavage and PCR Amplification

To harvest oligonucleotides, we treated microarrays for 2 h with 2-3 mL of 35%
NH4OH solution (Fisher Scientific) at room temperature. We transferred the

solution to 1 .5-mL microcentrifuge tubes and subjected it to speed vacuum drying

at medium heat (-55 °C) overnight. We resuspended the dried material in 200 pi

of RNase/DNase free water and performed PCR amplification in 50|jl reaction

volumes using Invitrogen's Platinum® Pfx DNA Polymerase. To obtain a

sufficient amount of PCR product, four 50 pi reactions were required for each
sample. Each reaction contained 2X Pfx PCR amplification buffer, 0.3 mM of

each dNTP, 1 mM MgS04 , 0.3 uM of each primer, 0.5X PCR enhancer solution,

0.5 units of Platinum® Pfx DNA Polymerase, and 10 pi of template DNA. The
primers used for amplification were 5'-mir30-PCR-xhol-F (5'

CAGAGGCTCGAGAAGGTATATTGCTGTTGACAGTGAGCG 3') and 3'-mir30-

PCR-ecorl-R (5' CGCGGCGAATTCCGAGGAGTAGGCA 3'). After an initial

denaturation step of 94°C for 5 min, DNA amplification occurred through 25
cycles of denaturing at 94°C for 45 seconds and annealing and extension at 68°

for 1 min and 15 sec followed by a final 7 minute extension at 68°. We then

combined the four reactions into one tube, cleaned up the PCR product by use
the QIAGEN® Minelute PCR Purification Kit and eluted in a total volume of 26 pi.

ShRNA library construction

The A,SM2-barcode library and shRNA PCR products were digested with EcoRI
and Xho\ overnight and gel purified. Ligations with shDNA oligos were set up as

following: 1.5 fig of Xho\-EcoR\ cleaved vector, 8-10 ng of Xho\~EcoR\ cleaved

inserts generated from the PCR of shDNA oligos from the parallel microarray

synthesis, 1 jd of 10 x ligation buffer, 0.5 jal of T4 DNA ligase, and water to 10 jal

final. The ligation mixtures were incubated at 16°C for overnight and packaged.
We typically observed 30- to 90-fold stimulation of plaque forming units (PFU)
and 2 x 10 to 8 x 10

7 PFU total for each library pool. We typically amplify 2 x

10
7 PFU for each pool to generate a stock. To verify the ligation efficiency, we

excised 10 jnl of package mix by infecting 100 yd of BUN25 (A = -0.5) and

selected colonies on LB/Cm 30 ^ig/ml 30°C overnight. Colony PCR was
performed using forward (ggacgaaacaccgtgctcgc) and reverse primer

(ttctgcgaagtgatcttccg) and 85 to 95 % correct sized inserts were typically

observed with some containing multiple inserts. To generate plasmid DNA from

these libraries, we typically excised 5 x 10
7 PFUs through infection of BUN25

cells as described earlier. The cells were scraped from plates and grown in 2 L of

LB plus 13 g/l of circle growth 37°C for 7 to 8 h. Cesium chloride method was
used to prepare DNA. DNAs were transformed into BW23474 FDOT SbcC , and
individual clones were sequenced using primer5'

(TGTGGAAAGGACGAAACACC ) . Correct clones were individually rearrayed to

form the final library.
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Small RNA Northern Blots

293 cells were transfected in 10cm dishes at 60% confluency with 15 ug of

shRNA plasmid DNA along with 5 ug of pDsRed-N1 (Clontech) using TransIT-

LT1 (Mirus). 48hs post transfection, transfection efficiency was confirmed by

estimating the percentage of cells expressing DsRed (-80%) and then total RNA
was Trizol extracted and purified. Small RNA northern blots were carried out as

described in
54

using 30 ug RNA/lane. For hairpins targeting EGFP at starting

position 481 (Fig 1b), northern probes were DNA oligos corresponding to the

anti-sense strand (ccggcatcaaggtgaacttcaa) of the mature RNA.

Proteasome assays
Bacteria cultures were grown in 96 well plates for 36 h in GS96 media (Bio101).

Plasmid DNA was extracted using Quiagen Ultrapure plasmids minipreps in a 96

well plate format. DNA concentrations were determined by mixing an aliquot of

each sample with picogreen (Molecular Probes) and determining fluorescence on

a Victor2 plate reader. HEK 293T cells were plated in 96 well optic plates

(Corning) at 1x10
5
cells per ml. For the proteasome assay, 12.5 ng of the

plasmid dsRed N-1 (Clontech), 5 ng of the Zsprosensor (Clontech) and 75 ng of

each individual shRNA construct were cotransfected per well using 0.3 ^l of LT-1

(Mirus) transfection reagent. After 24 hs the transfection media was replaced.

After 72 h, media was removed and replaced with PBS in order to read

fluorescence. Fluorescence signals were read on a Victor2 plate reader. Signals

in the green channel were normalized to transfection efficiency using customized

scripts with fluorescence in the red channel serving as a normalization criterion.

Cut-offs were assigned by using control shRNA transfections to determine the

range for a negative outcome.

Plasmid Transfections and mRNA Quantitation

HeLa cells were seeded at 0.5 x 10
5
cells/well in 24-well plates and transfected

24 h later with 1 ug/well of the appropriate plasmid. Each plasmid was delivered

to 4 wells by use of Lipofectamine 2000 (Invitrogen) according to the

manufacturer's protocols. Transfection efficiency was determined by parallel

transfection of a GFP-expressing plasmid and the percentage of fluorescent cells

assayed by flow cytometry. For analysis of target gene mRNA knock down, cell

lysates were collected 24 h after transfection, and total RNA was prepared by

use of RNeasy columns (Qiagen) following the manufacturer's protocols.

Messenger RNA quantitation was performed by Real-time PCR of reverse

transcription products, using available Applied Biosystems TaqMan™ primer

probe sets, and the percent mRNA remaining was determined by comparison

with mRNA levels from cells treated with transfection reagent alone.
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Table 1.

Functional

Groups

Human Genes

in the category

Human
shRNA clones

Mouse Genes

in the category

Mouse shRNA
clones

Apoptosis 576 1948 537 1395

Cancer relevant 846 2888 761 2043

Cell Cycle 519 2055 461 1324

Checkpoint 124 526 111 320

DNA Repair 118 509 104 275

DNA
Replication

234 922 223 592

Enzymes 2876 9846 2550 6871

GPCR 652 1950 574 1436

Kinases 625 2614 566 2149

Phosphatases 199 712 173 536

Proteases 444 1340 401 988

Proteolysis 310 1427 237 681

Signal

Transduction

2610 8541 2319 6101

Trafficking 473 1487 403 1013

Transcription 832 2734 676 1808
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Figure Legends

Figure 1. Design and structure of shRNA cassettes, (a) A comparison of

the structures of several silencing triggers is shown. These include an siRNA, a

portion of the shRNA precursor, as generated from our first-generation design in

pSM1 , and a segment of the shRNAmir
precursor produced by pSM2. The

sequence of the target site (sense orientation) from firefly luciferase (Iuc1309,

see c) is shown in red. For pSM2, cleavage sites for Dicer and Drosha, as

mapped by primer extension, are indicated by arrows, (b) Northern blotting was
used to detect the mature small RNA produced after transfection of HEK-293T
cells with shRNA and shRNAmir

cassettes expressed from pSM1 and pSM2,
resptectively, by the U6 snRNA promoter. In neither case was significant

accumulation of pre-miRNA observed. Transfection rates were normalized using

a co-delivered dsRED expression plasmid. (c) Five different promoters (human
tRNAval, Human H1 RNA, Human U6 snRNA, MSCV LTR and Human CMV IE,

as indicated) were tested for their ability to drive shRNAmir
expression and silence

luciferase in transient transfections. Two different shRNAs were used, a highly

efficient shRNA (Iuc1309) an a less efficient shRNA (Iuc31 1). In each case, the

level of firefly luciferase was normalized to a non-targeted Renilla luciferase.

Figure 2. Construction of the second-generation library, (a) The pSM2c
vector contains a U6 promoter, a U6 terminator following mir3\ a self inactivating

retroviral backbone; two bacterial antibiotic resistance markers kanamycin and

chloramphenicol; a protein-dependent origin (RK6y); a mammalian selectable

marker (puromycin) driven by the PGK promoter; a homology region (HR2) for

use in bacterial recombination and a randomly generated 60 mer barcode
sequence. The shRNAmir

inserts were cloned between the 5' and 3' flanking

sequences derived from the mir-30 primary transcript using Xhol and EcoRI
restriction sites. The nucleotide positions for sites in an excised version of an

empty vector (no shRNA or barcode) are given, (b) Construction of the second-
generation libraries began with the generation of a lambda derivative of pSM2
that contained unique EcoRI

,
Xhol, Fsel and Avrll sites, the latter two for

insertion of bar codes. A bar coded pre-library was generated by the ligation of

PCR amplified random 60 mers into Fse1 -Avrll cleaved XpSM2 to generate a

bar-coded library pool (upper right). The bar-codes A,pSM2 was converted into a

shRNA library by insertion of PCR amplified shRNA constructs prepared by in

situ synthesis of inserts on a microarray in pools of 22,000 into the EcoRI -Xhol

cleaved pre-library (upper right). Packaged phage were amplified and used to

infect BUN25, which express Cre recombinase and pir1-116 for pSM2
replication. Each excision event gave rise to a Kan r+Cm r

resistant colony.

These were pooled and used for preparation of library DNA. This, in turn, was
transformed into BW F'DOT and individual colonies were selected for sequence
analysis.

Figure 3. Validation of the second-generation library, (a) A schematic

representation of the phenotypic assay for proteasome function (see text) is
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shown, (b) Thirteen proteasome subunits were chosen because of their

representation in both the first- and second-generation libraries. ShRNA
expression clones corresponding to each were assayed for activation of the

proteasome reporter. Blue bars indicate first-generation clones while green

indicate second-generation clones. In all cases, the activity of the proteasome
reporter (green channel) was normalized for transfection using a dsRED
expression plasmid. (c) In a separate study, 36 different proteasome shRNAs
were tested for their ability to suppress their target RNAs (upper panel). QRT-
PCRs were performed 24 h after transfection of HeLa cells at an average
efficiency of 80% as measured by a co-transfected normalization reporter

(dsRED). For comparison, functional assays for proteasome inhibition were
performed in parallel (lower panel).

Figure 4. Performance of the second-generation library in a small-scale

high-throughput screen. 47 shRNAs targeting proteasome subunits were
distributed among a series of 562 hairpins targeting human kinases (upper

panel). The lower left panel shows the negative (FF) and the positives controls

(ATPase 1.1 to 1.3) from first (pSM1) and second (pSM2) libraries. The lower

right panel shows the shRNAs that displayed accumulation of the proteasome
reporter over the cut-off (2-fold or greater activation; yellow line). These are

highly enriched for proteasome shRNAs (red). In blue are 10 additional non-

proteasomal shRNAs that also scored positive in the screen. Of these, 5 were
also positive on a retest of individual clones (see Supplementary Table 3).
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Suplementary material

Supplementary Table 1. Content of the human shRNA library

Supplementary Table 2. Content of the mouse shRNA library

Available on accompanying CD

Supplementary table 3. Non-proteasomal genes identified as positives

Acc.Number Name
XM_1 14099 Homo sapiens similar to adenylate kinase 1

(LOC200047)
NM__004570 Homo sapiens phosphoinositide-3-kinase, class 2,

gamma polypeptide

NM 007284 Homo sapiens PTK9L protein tyrosine kinase 9-like

NM 002576 Homo sapiens p21/Cdc42/Rac1 -activated kinase 1

NM 006622 Homo sapiens polo-like kinase 2 (PLK2)
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Supplementary table 4. Oligonucleotides used in construction of the

library vectors

oligo

names
oligo sequences

MZL393 AAATTTGGATCCGCGTTAAACATGAGTGGATAG
MZL51 TATATAGGATCCGGCGTTCGGCTCCTTGAGGG
MZL493 GCAAA I GGCACA I C I G I I IGGGIAIAAICGCGCCCAIGCI I I I ICGCCA

GGTGTAGGCTGGAGCTGCTTCG
MZL494 CCGCGCTGTGTTCTGCGATGCGTTCCCAGTGTGGACGAAGATTTCGTGC

CGGCATATGAATATCCTCCTTAGTT
MZL495 AATTAAGGATCCGCACGCGATCTTCTTCTTCC
MZL496 ATATATAAGCTTTGACATTCTGGATAGCGACC
MZL524 ATAACTTCGTATAGCATACATTATACGAAGTTATGCGGCCGCATAA

CTTCGTATAGCATACATTATACGAAGTTATGCTG
MZL525 ATAACTTCGTATAATGTATGCTATACGAAGTTATGCGGCCGCATAACTTC

GTATAATGTATGCTATACGAAGTTATCAGC
MZL541 ATGCGGCCGGCCGTTTAAACATTTAAATCCTAGGA
MZL542 CGCGTCCTAGGATTTAAATGTTTAAACGGCCGGCC
Barcodes GAAGACTAATGCGGCCGGCCA (N)6oGGGCCCTATAGTGAGTCGTATTA
Barcode

primer 1

AAATTGCAATGAAGACTAATGCGGCCGGCCA

Barcode

primer 2
ATATATGGACGCGTCCTAGGTAATACGACTCACTATAGGGCCC

Forward

primer

(for

colony

PCR)

GGACGAAACACCGTGCTCGC

Reverse

primer

(for

colony

PCR)

TTCTGCGAAGTGATCTTCCG
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